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Pollen is the male gametophyte of flowering plants that deliver sperm cells to the female 
gametophyte during fertilization. Pollen development begins with the reduction division 
(meiosis) of a single pollen mother cell to produce four microspores in a process called 
microsporogenesis. The microspores undergo two rounds of mitotic divisions to eventually 
produce a mature three-celled pollen composed of a large vegetative cell and two small 
sperm cells. A key challenge in plant reproductive biology is to understand the molecular 
and genetic mechanisms regulating these complex processes. Efforts to analyse the gene 
expression during pollen development by generating its transcriptome has been limited due 
to challenges associated with generating a pure and homogeneous developing pollen sample. 
To facilitate gene expression and transcriptomic analysis of developing pollen, I have 
developed a novel Low-input Developing Pollen (LiDP) method that allows isolation of 
pure and homogeneous Arabidopsis thaliana (Arabidopsis) pollen samples belonging to a 
narrow developmental window. The LiDP method involves the separation of up to three 
anthers from a bud that is nicked to release their pollen. The pollen is washed to remove 
non-pollen transcripts and frozen for future use whereas the nicked anther together with 
remaining pollen is stored in a fixative. The fixed pollen is later staged by DAPI-staining 
and microscopic analysis to determine its developmental stage. Appropriate pollen samples 
stored in the freezer are then selected based on their stages and eventually lysed using a 
chemical called MMNO. Finally, the lysed pollen extract is directly used for RT-qPCR, 
digital droplet PCR or RNA sequencing (RNA-Seq). The ‘pollen lysis condition’ had 
minimal effect on RNA quality but showed partial degradation of mRNA 5`-ends. The lysis 
condition showed negligible effect on RT-qPCR amplification efficiency but reduced the 
mapping quality of RNA-Seq reads evidenced by increasing number of reads mapping to 
intergenic regions and reads that mapped to more than one position on the genome. 
The LiDP method was used to generate the first RNA-Seq-based transcriptome of 
developing pollen from four discreet stages- uninucleate microspore (UNM), polarised 
microspore (PUNM), late bicellular pollen (BCP) and late tricellular pollen (TCP) stages. 
Analysis of the RNA-Seq data revealed global gene expression patterns that coincided with 
the molecular classification of pollen development into early and late developmental phases. 
Differential expression analysis revealed novel pollen-expressed genes that may play critical 
 ii 
roles in pollen development and can now be tested in planta. Several pollen-specific genes 
were identified for the future development of cell-type-specific markers. Overall, the LiDP 
transcriptome offers a roadmap for further investigation of gene regulation in developing 
pollen , especially from the PUNM stage that was never studied before. 
Finally, to assess the LiDP method’s usefulness the method was utilized to address a duo4 
pollen development mutant and to test the hypothesis that the misexpression of DUO4 may 
lead to failed germ cell division in duo4 pollen through early degradation of mitotic 
CYCB1;1 (CYCLINB1;1). Investigation of DUO4 expression using LiDP RT-qPCR 
revealed considerable DUO4 expression at BCP stages of +/duo4 pollen but not in WT 
which supports the hypothesis that DUO4 is misexpressed at BCP in +/duo4 pollen. 
However, targeted amplicon sequencing of WT and duo4 transcripts in +/duo4 plants close 
to PM I and PM II revealed the typical 1:1 ratio between the two transcripts. These results 
demonstrated the utility of the LiDP method to address gene expression in specific stages of 
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 Chapter 1 : Literature review: Pollen development in 
Arabidopsis 
Pollen are the male gametophyte of plants that plays a critical role in delivering the sperm 
cells (SCs) to the female gametes during plant reproduction. Development of pollen from a 
haploid unicellular microspore to a mature tricellular pollen grain is a highly complex 
process that involves precise and coordinated regulation of cell cycle, cell differentiation 
and cell specification (Twell, 2018). Investigation of global gene expression dynamics 
during pollen development and their characterisation is a key challenge in plant 
reproductive biology. Despite decades of effort, several challenges have hindered efforts to 
analysis pollen gene expression including its isolation, relative inaccessibility within a 
sporophytic anther and the presence of a tough pollen wall. As a result, previous developing 
pollen transcriptomes have been generated from either whole anthers composed of diploid 
cells or from developing pollen isolated from multiple plants that have complicated efforts 
to prepare a sample that belongs to a specific stage or a narrow developmental window. 
Arabidopsis has emerged as a popular model to study pollen development due to several 
advantages such as a short life cycle, amenability for reverse and forward genetic analyses, 
ease of generating transgenic plants and the availability of extensive genetic and molecular 
resources (Page and Grossniklaus, 2002). This review focuses on pollen development in 
Arabidopsis and will specify when referring to other species. 
 Pollen in plant reproduction 
Pollen develop within the four locules (compartments) of anthers that are specialised male 
reproductive structures in flowers held by an elongated filament composed of connective 
tissue (Figure 1-1). Fully developed and mature pollen is released from the anther in a 
process called anthesis (or dehiscence) that involves the rupture of its longitudinal wall. 
Mature pollen that are released from the anther falls on the receptive surface of the female 
stigma in a process called pollination.  
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In Arabidopsis, pollination occurs within the same flower (self-pollination) whereas, in a 
vast majority of plants, the mature pollen must be carried by physical agents (such as wind) 
or biological agents (such as bees) to reach the receptive stigma of a different flower (cross-
pollination) on the same plant or a different plant. 
A unique hydrophobic substance on the pollen wall called pollenkitt facilitates pollen 
attachment to stigma (Pacini, 2000). Beneath the pollenkitt is the pollen wall composed of 
at least two broad layers, a tough outer exine and an inner membrane called the intine (Shi 
et al., 2015). 
 
Figure 1-1: Representative image of a flower.  
The male reproductive structure of a flower consist of a stamen composed of anther and filament. 
The anther contains the pollen within its four locules and is connected to the flower by the elongated 
filament. The female reproductive parts of a flower include the ovary containing single or multiple 
ovules. During pollination, pollen from dehisced anther is deposited on the surface of the stigma. 
The pollen tube (not shown) grows through the style to reach the ovary and releases the male 
gametes (not shown) inside the ovules. Non-reproductive structures in the image include petals, 
sepals, pedicel, connective tissue, and nectary that produces the nectar to attract pollinators such as 
bees (Credits- Open access). 
Upon hydration, the intine germinates through the aperture, a soft portion on the exine, to 
form a long pollen tube (Firon et al., 2012). The germinating pollen tube grows through the 
style to reach the ovary, where it releases two haploid SCs inside the ovule (Higashiyama 
and Yang, 2017). One of the SC fertilises a haploid egg cell (EC) to form the diploid embryo 
while the other SC fuses with the diploid central cell to form the triploid endosperm that 
provides nutrition to the growing embryo. This process is called double fertilisation (Faure, 
1999).  
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 Overview of Arabidopsis pollen development  
Pollen development begins deep inside an anther, where a small group of diploid cells 
undergo a series of specialised divisions to produce two morphologically distinct daughter 
cells, called the sporogenous cells and parietal cells (Wilson and Zhang, 2009). The 
sporogenous cells develop into pollen mother cells (PMCs), whereas the parietal cells 
develop into nutritive cells called tapetum (Berger and Twell, 2011). Each diploid PMC 
undergoes meiosis to produce four haploid uninucleate microspores (UNMs). The chain of 
events beginning with the differentiation of the sporogenous cells upto the formation of 
haploid microspores is broadly referred to as microsporogenesis (Twell, 2018). In contrast, 
the diploid tapetum forms a layer of secretory cells along the inner walls of the anther locule 
to nourish the developing microspores (Liu and Fan, 2013) (Figure 1-2). 
1.2.1. The uninucleate microspore 
The four UNMs are initially held together in a tetrad by a ‘special cell wall’ (SCW) made 
of callose. The SCW may function as a selective filter between the microspores and its 
environment (locule) to regulate molecular communication (Wilson and Zhang, 2009). 
Specialised callose-degrading enzymes (callases) such as beta-1,3-glucanase is secreted by 
the tapetum to degrade the SCW (Stieglitz, 1977). Early-expression of a callase (beta-1,3-
glucanase) prematurely dissolves the callose, producing microspores with unusually thin 
wall and reduced fertility (Worrall et al., 1992). Overall, these results indicate that tapetum-




Figure 1-2: Pollen development in Arabidopsis from a pollen mother cell (PMC) to a tricellular pollen (TCP). 
Pollen development begins as a Pollen Mother Cell (i, ii & iii) that undergoes a meiosis to produce a tetrad (iv) containing four microspores enclosed within 
a specialised cell wall (SCW) made of callose. The microspores (v, uninucleate microspore or UNM) with a prominent central nucleus and multiple small 
vacuoles undergoes polarization to form the polarised microspore (PUNM) (vi) with a single and prominent vacuole and nucleus at the germ cell (GC) pole. 
The PUNM now undergoes the first mitotic division called pollen mitosis I (PM I) to produce the early-bicellular pollen (BCP) (vii) with a central vegetative 
nucleus (VN), a small GC at the GC pole and multiple small vacuoles. At mid-BCP (viii) the pollen begins doubling the GC genomic DNA. At late-BCP 
(ix), the GC is ready for pollen mitosis II (PM II). PM II produces the mature tricellular pollen (TCP) (x) with two sperm cells (SCs), one central VN and 
several small and dispersed vacuoles.
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The tapetal cells are most active during the early stages of pollen development. They secrete 
the nutrients necessary for microspore development into the anther locule filled with a 
locular fluid that is rich in amino acids, lipids and sugars such as sucrose, fructose and 
glucose (Castro and Clément, 2007). The dependence of early microspore on the locular 
fluid makes this phase of plant reproduction highly susceptible to adverse environmental 
conditions such as drought and heat (Pacini and Dolferus, 2019). Targeted ablation of 
tapetal cells in tobacco and rapeseed anthers using a fungal ribonuclease driven by a 
tapetum-specific promoter TA29 produced male-sterile flowers, corroborates the 
significance of the tapetum for pollen development (Mariani et al., 1990). The number of 
sporophytic mutants that produce male-sterility further demonstrates the significance of 
tapetum for pollen development (Chaudhury, 1993; Aarts et al., 1997; Gómez et al., 2015; 
Sanders et al., 1999). As the pollen matures, tapetal cells undergo gradual degradation by 
apoptosis (programmed cell death). Degraded tapetum material become embedded within 
the exine cavities to form the pollen wall (Murgia et al., 1991; Liu and Fan, 2013). 
Migration of the microspore nucleus to the GC pole and its asymmetric division is critical 
for the development of male germline likely mediated by the fusion of individual vacuoles 
into a single large vacuole forcing the migration of the centrally-located nucleus to the GC 
pole adjacent to the cell wall (Figure 1-2) (Berger and Twell, 2011). Here, germline refers 
to either the single germ cell (GC) and the two SCs that participates in double fertilization 
(explained below). Nuclear migration is visualised by staining the microspores with DAPI 
(4`, 6`-diamidino-2-phenylindole) and observing them under a fluorescent microscope. 
Nuclear migration is also accompanied by a four-fold increase in pollen size from 5 to 6 
µm at UNM to 18 to 20 µm at TCP (personal observation) which is likely controlled by the 
volume and number of vacuoles in the microspore (Owen and Makaroff, 1995; Yamamoto 
et al., 2003). 
1.2.2. The bicellular pollen 
The polarised microspore with its nucleus at the GC pole undergoes a mitotic division 
called the pollen mitosis I (PM I). PM I is an archetypal asymmetric cell division (ACD) 
that produces two daughter cells of unequal sizes- a larger vegetative cell (VC) and a 
smaller germ cell or a generative cell (GC) (Figure 1-2). The pollen is now referred to as 
the bicellular pollen (BCP) as its larger VC engulfs the GC to assume a unique cell-within-
a-cell configuration (Figure 1-2). The VC nucleus is faintly stained with DAPI and 
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possesses dispersed chromatin whereas the smaller GC is brightly stained with condensed 
chromatin. 
1.2.3. The tricellular pollen 
The GC divides mitotically to produce two symmetric daughter cells called sperm cells 
(SCs), to form the three-celled gametophytic structure called tricellular pollen (TCP) 
(Figure 1-2). The transient interconnected assemblage of three cells that are transported 
together during pollen tube growth is called the male germ unit (Matthys-Rochon et al., 
1987; Lalanne and Twell, 2002). Potential communication between these cells allows SCs 
to synchronise their development as they approach the ovules for fertilisation (Dumas et 
al., 1998). The progressive development of the microspores into a mature TCP containing 
the twin SCs is broadly referred to as microgametogenesis (Twell, 2018). 
In about 30% of all plant species, including Arabidopsis and rice, PM II is completed before 
anther dehiscence (anthesis) while the SCs enter the S-phase during pollen maturation 
which it completes by the end of pollen tube growth (Durbarry et al., 2005). However, in 
majority of plants, including lily and tobacco, PM II is delayed until the pollen tube grows 
through the female style (McCormick, 1993). 
1.2.4. Pollen after anther dehiscence 
Anther dehiscence releases mature pollen (Firon et al., 2012) which begins with the 
dehydration of anther contents, including the locular fluid. Dehydration stops all 
biochemical activity in pollen and converts it into a dormant structure before release. 
Attachment of pollen to a compatible stigma rehydrates it. It allows the germination of a 
pollen tube which involves the emergence of the inner wall through a specialised structure 
called aperture (Furness and Rudall, 2004). Pollen tubes emerge through the apertures as it 
lacks the hard exine. Arabidopsis pollen contains three long and narrow apertures that are 
equidistant from each other around its equator (Reeder et al., 2016). 
Pollen tubes grow through the style towards the female ovary with single or multiple ovules 
(Arabidopsis) (Figure 1-3). Pollen tubes communicate extensively with the female ovule 
using LURE1 protein (Okuda et al., 2009) which is released from the synergid cells to guide 
the pollen tube towards the ovule (Hulskamp et al., 1995; Ray et al., 1997; Kanaoka and 
Higashiyama, 2015; Higashiyama and Yang, 2017). One SC fuses with the haploid EC to 
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produce a diploid zygote. In contrast, the second SC fuses with the diploid ‘central cell’ to 
produce a triploid endosperm. This mode of fertilisation that involves two fusion events is 
referred to as double fertilisation and is a ubiquitous feature in all angiosperms (Russell et 
al., 2010). The triploid endosperm serves as the primary source of energy and nutrition for 
the developing embryo and forms the bulk of human food such as cereals and pulses and is 
critical to produce all fruits and vegetables making it one of the most economically crucial 
biological process for humanity (Faure, 1999). 
 
Figure 1-3: Diagrammatic representation of pollination and fertilisation in angiosperms.  
Contact between mature pollen and female stigma (A) leads to rehydration of pollen and pollen 
tube germination (B). The pollen tube grows through the style to reach the ovary that contains 
several ovules. The pollen tube ruptures inside the ovule to release the two SCs. The SCs enter 
the embryo sac to fuse with the EC and the central cell. The fertilised ovules develop into 
individual seeds (C). (Credits- A-Open source, B-Kanaoka and Higashiyama, 2015, C-
University of Missouri) 
1.2.5. Development of pollen wall 
Pollen wall is the most complex of all plant cell walls and play a very important role in 
plant reproduction, protecting internal pollen contents from biotic and abiotic stresses 
(Blackmore et al., 2007). Pollen wall in angiosperms is typically composed of three layers- 
an inner layer called intine, a tough outer layer called exine and a third layer called pollen 
coat or pollenkitt (Owen and Makaroff, 1995). The intine is composed of a mixture of 
cellulose and pectin (Shi et al., 2015). The exine is made from a unique and highly resistant 
biopolymer called sporopollenin composed of fatty acids and phenylpropanoids (Heslop‐
Harrison, 1968). The exine can be further separated into an inner endexine (also called 
sexine) and an outer ectexine (also called nexine) that forms its two sub-layers (Punt et al., 
2007). The nexine is a smooth cell wall located on the surface of the intine. Nexine has 
been differentiated either into three distinct layers called tectum, columella, and foot layer 
A B C
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or two layers- nexine I and nexine II (Ariizumi and Toriyama, 2011). The structure of the 
intine is simpler (compared to the exine) and is located between the cell membrane and the 
nexine. The intine is composed of cellulose, hemicellulose, pectin, and structural protein, 
that are similar to those in the common cell wall (Quilichini et al., 2015). A lipid-containing 
hydrophobic layer called pollenkitt (or Tryphine) surrounds the outer exine of mature 
pollen that gives pollen its adhesiveness. 
The details of pollen wall development are not entirely understood, but two models are 
currently in use. According to the first model, the sporopollenin deposits on the micropore 
wall are synthesized from within the microspore and the tapetum. This model of 
sporopollenin biosynthesis has been observed in plants with secretary-type tapetal cells 
(Dickinson and Heslop-Harrison, 1968; Heslop‐Harrison, 1968). According to the second 
model, the exine is entirely of pollen protoplast origin as observed in plants with 
plasmodial-type tapetum (Mepham and Lane, 1968; Parkinson and Pacini, 1995). 
While it was previously believed that both microspores and tapetal cells play a role in the 
formation of exine (Heslop‐Harrison, 1968; Owen and Makaroff, 1995), recent studies 
show the primary role of the tapetum in pollen exine formation. For example, the gene 
Aborted Microspores (AMS) has been shown to play an important role in the development 
of the pollen exine by directly regulating the expression of ABCG26, which is involved in 
the transportation of sporopollenin between tapetum and microspores and in the expression 
of pollen coat proteins such as EXL5/6 (Xu et al., 2010, 2014). MS188 expressed in the 
tapetum has been shown to form a complex with AMS to regulate the expression of another 
sporopollenin synthesis gene, CYP703A2 (Xiong et al., 2016). Further, recent studies have 
identified several other tapetum-expressing genes that are involved in the sporopollenin 
biosynthesis pathway such as ACOS5 (Souza et al., 2009), CYP704B1 (Morant et al., 2007), 
MS2 (Chen et al., 2011) , PKSA/B (Kim et al., 2010), and TKRP1/2 (Lallemand et al., 
2010) to form a genetic regulatory network of DYT1-TDF1-AMS-MS188/MS103-MS1. 
Attachment of a glycocalyx-like fibrillar polysaccharide substance called primexine on the 
microspore surface promotes the deposition of the outer exine. Primexine serves as a primer 
for further accumulation of sporopollenin precursors to eventually form the exine wall. 
Attachment of primexine to microspore surface has been shown to be sporophytically 
controlled. In contrast, aberrant tetrads containing microspores with and without their 
nucleus has been shown to produce normal exine walls which suggests the role of non-
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nuclear cytoplasmic factors in primexine formation (Heslop-Harrison, 1971). It was, 
however, not clear if these non-nuclear cytoplasmic factors include sporophytic mRNAs.  
 Molecular regulators of pollen development  
Discreet developmental stages and a simple cell lineage makes pollen development an 
attractive model to study cell division, cytoskeleton rearrangement and cell fate 
determination (Twell et al., 1998; Friedman, 1999; Berger and Twell, 2011). Adoption of 
forward and reverse genetic approaches have enabled targeted investigation of molecular 
regulation in developing (Friedman, 1999; Page and Grossniklaus, 2002; Durbarry et al., 
2005; Alonso and Ecker, 2006).  
Forward genetics involves the introduction of a mutation followed by large-scale screening 
for mutant phenotype and eventual identification of the gene (Østergaard and Yanofsky, 
2004). In Arabidopsis, ethyl methane sulphonate (EMS) has been used to introduce the 
single base change or a small deletion in the genome (Hoffmann, 1980; Jander et al., 2003; 
Nüsslein-Volhard and Wieschaus, 1980). Reverse genetics uses a T-DNA (transfer-DNA) 
inserts to disrupt a gene and to identify the gene location (Alonso et al., 2003; Alonso and 
Ecker, 2006). RNA-Seq of developing pollen, mature pollen and isolated SCs has enabled 
identification of several pollen development genes (Becker et al., 2003; Honys and Twell, 
2004, 2003; Pina et al., 2005; Bokvaj et al., 2015).  
1.3.1. Asymmetric division is essential for male germline development 
Asymmetric division is essential to establish GC fate and male germline development in 
pollen. Forced induction of symmetric division produced daughter cells with VC-like nuclei 
that expressed the VC-fate marker Lat52. Colchicine (an inhibitor of asymmetric division) 
at high level produce uninucleate mature pollen with dispersed chromatin and VC fate 
(Eady et al., 1995). Colchicine at mild levels produces symmetrically-divided binucleate 
mature pollen with both expressing the VC-fate marker, Lat52. tub1 and tub2 mutants with 
defective microtubule nucleation produce mature BCP with VC-cell fate (Pastuglia et al., 
2006). Overall, these results suggest the critical role of microtubules and asymmetric 
division in GC formation and male germline establishment. 
Pollen mutants with disrupted microspore polarity revealed the role of asymmetric division 
in GC fate and male germline formation. gemini pollen1 (gem1) produced a symmetric two-
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celled mature pollen that expresses the VC-fate marker Lat52 (Park, Howden, & Twell, 
1998). gem1 is defective in the MICROTUBULE-ASSOCIATED PROTEIN215 
(MAP215)-family protein MICROTUBULE ORGANIZATION1 (MOR1)/GEM1 (Twell, 
2002). GEM1 is necessary for proper phragmoplast organisation that are plant cell division-
specific scaffolds that define the position of future cell plate (Smertenko et al., 2017). gem1 
symmetric two-celled mature pollen resembled colchicine-treated microspores, which 
suggested the potential role of polarity determinants in gem1 (Eady et al., 1995).  
The compartmentalisation of pollen into a VC and GC is critical for successful male 
germline formation. The cell division mutants, two-in-one (tio) and kinesin-12A/B undergo 
successful microspore polarisation and nuclear division but cannot undergo cell division 
(Oh et al., 2005) (Lee et al., 2007). Inability to restrict the GC in these mutants due to failed 
cell wall formation results in a symmetrically-divided mature BCP with VC-fate (Lee et al., 
2007). These recent results reveal the critical role of compartmentalisation for asymmetric 
division in GC formation and male germline establishment.  
Correct spindle fibre orientation is critical for the asymmetric division to establish GC fate 
and male germline development in pollen. sidecar pollen (scp) has no apparent nuclear 
migration defect but produces mature TCP with an extra cell having a VC fate (Chen and 
McCormick, 1996). SCP encodes a microspore-specific LATERAL ORGAN 
BOUNDARIES DOMAIN/ASYMMETRIC LEAVES 2-like (LBD/ASL) protein that 
regulates the timing and orientation of asymmetric division (Oh et al., 2010). SCP (LBD27) 
and LBD10 form heterodimers in the nucleus and act cumulatively to control asymmetric 
division. Further, several unknown LOB proteins likely interact with each other for 
successful asymmetric division (Kim et al., 2015). These and other studies also reveal that 
the default cell fate in pollen is the VC fate and that active establishment of GC fate is 
necessary for male germline development and successful plant reproduction. Active 
establishment of GC fate is likely dependent on possible segregation and 
compartmentalisation of unknown GC fate determinants by a polarisation wall (Twell et 
al., 1998).  
GCs are independent of VC for their gene expression (Borg et al., 2011; Russell and Jones, 
2015). Increasing evidence suggests a vibrant intercellular communication between pollen 
cells. These include the transport of small RNA from the VC nucleus to SCs (Slotkin et al., 
2009) and ABA-hypersensitive germination 3 (AHG3) mRNA from VC nucleus to the SC 
for translation (Jiang et al., 2015). 
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1.3.2. Cell cycle progression in pollen development 
Tightly synchronised cell cycle progression is critical for successful GC fate establishment 
and male germline formation. Temporal and spatial regulation of cell cycle ensures the 
generation of the unique GC and VC fates and the production of competent SCs that are 
capable of fertilisation. 
Two broad phases of cell division are recognised in eukaryotes, the Interphase and mitosis-
phase (M-phase) (Figure 1-4). Interphase is further divided into three sub-phases called G1-
phase, S-phase and G2-phase. G1-phase is characterised by routine cell growth and function, 
S-phase by genome doubling and preparation for M-phase and G2-phase by further growth 
and preparation for mitosis. G2/M-phase is a critical decision point that controls the entry 





Figure 1-4: Eukaryotic cell cycle phases.  
The cell cycle is divided into Interphase and Mitosis. Interphase is further divided into G1, S and 
G2-phases. Cells in G1 may enter G0 to exit cell division. Diving cells cross the G1 checkpoint to 
enter S-phase during which the genome doubles. Cells then enter the G2-phase and cross the crucial 
G2/M-phase transition to enter mitosis. 
Three distinct sub-stages (early, mid, and late) based on the cell cycle progression is 
recognised in the BCP stage (Figure 1-5). In early-BCP, the VC enters the G0-phase and 
stops further cell cycle activity (Žárský et al., 1992). The GC currently at G1-phase, 
however, crosses the G1 checkpoint and enters the S-phase to double its genomic DNA 
content from 1C to 2C. In the mid-BCP stage, the pollen adopts a unique cell within a cell 
configuration in which the larger VC engulfs the smaller compartmentalised GC that is 
surrounded by a poorly-defined cellulosic cell wall (Figure 1-5). In late-BCP, the centrally-
located GC elongates, initiates energy accumulation for GC division and prepares to enter 
M-phase (Twell, 1995). 
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Figure 1-5 Phases of cell-cycle in BCP and TCP.  
The GC (green) that has exited M-phase enters the G1, S, G2 and M-phase during early-, mid- and 
late-BCP stages, respectively. The VC (orange) exits cell division and remains in the G0-phase. 
1.3.3. Key cell cycle events regulate germ cell division  
The cdka1 mutant in Arabidopsis has an extended S-phase and delayed GC division (until 
pollen tube growth) due to a defective A-type cyclin-dependent kinase (CDK), (Iwakawa 
et al., 2006). Two types of CDKs are recognised: CDKAs that regulate the entry of cells 
into S-phase and CDKBs that regulate entry into M-phase (Nowack et al., 2012). 
The transition of GC from G2 to M-phase requires CYCB1;1-CDKA;1 activity (Mironov 
et al., 1999). CYCLINB1;1 (CYCB1;1) expression is subsequently targeted for degradation 
at anaphase by the Anaphase-promoting complex (APC/C). Analysis of WT CYCB1;1 
expression using beta-glucuronidase (GUS) showed strong microspore and GC-specific 
expression, consistent with the onset of PM I and PM II, respectively (Colón‐Carmona et 
al., 1999). In contrast, the duo1 GC division mutant fails to express CYCB1;1 (Brownfield 
et al., 2009a). 
DUO1 is the first male germline-specific transcription factor (TFs) isolated from a screen 
of abnormal mature BCP with spherical or oval GCs (Durbarry et al., 2005; Rotman et al., 
2005). It was identified as an R2R3 MYB-domain protein that plays an essential role in 
plant cell proliferation and differentiation. DUO1 is expressed in the GC and SCs of mature 
pollen, suggesting that DUO1 expression is specific to the male germline (Rotman et al., 
2005). duo1 GCs complete their S-phase but fail to enter mitosis (Brownfield et al., 2009a). 















Mid BCP Late BCP
M
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through CYCB1;1 control and by influencing the development and specification of SCs 
through multiple DATs (DUO1-activated targets) (Durbarry et al., 2005).  
A network of around 60 DATs, including GCS1, GEX2, MGH3 and TIP5 regulate GC 
division and SC specification (Brownfield et al., 2009a; Borg et al., 2011). The DAT GERM 
CELL SPECIFIC 1 (GCS1) encodes a plasma membrane-bound protein required for pollen 
tube guidance and successful fertilisation (Mori et al., 2006) and is likely responsible for 
the sterility of duo1 mutants (Khatab, 2012). GAMETE EXPRESSED 2 (GEX2) expressed 
in SC encodes an adhesion protein involved in the attachment of SC and EC (Engel et al., 
2005; Mori et al., 2015). duo4 is a GC division mutant that may have abnormal CYCB1;1 
level at G2/M phase transition likely due to the misexpression of the cell-cycle regulator 
CCS52A1/FZR2.  
A tightly-regulated gene expression system ensures targeted CDKA;1 activity and cell cycle 
progression in GC but not in the VC. CDKA;1 activity is restricted to GC by proteasome-
dependent degradation of two KIP-RELATED PROTEIN (KRP) CDK inhibitors, KRP6 
and KRP7 (Kim et al., 2008). The two KRPs are targeted by GC-specific expression of 
SCFFBL17, an SKP1-Cullin1-F-Box (SCF) protein E3 Ubiquitin ligase complex. In contrast, 
the absence of FBL17 in VC stabilises KRP6/7 that suppresses cell cycle progression in VC 
(Kim et al., 2008). 
The FBL17/KRPs/CDKA;1 regulatory pathway is linked to the RBR/E2F cascade that 
collectively controls the G1/S-phase transition in VC and GC (Zhao et al., 2012). 
Introduction of cdka;1 in stopped VC and GC hyperproliferation in rbr1 plants, suggesting 
CDKA;1’s essential role in this process (Chen et al., 2009). Repression of E2F/DP by RBR1 
(Hackenberg and Twell, 2019) is relieved by the latter’s phosphorylation by CDK, allowing 
entry into S-phase (Weinberg, 1995). (Figure 1-6). Further, E2F and RBR1 physically bind 
FBL17 promoter to activate and repress FBL17 expression, respectively (Zhao et al., 2012). 
Overall, these results suggest the active establishment of VC cell cycle arrest through 
targeted suppression of FBL17 by RBR1. 
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Figure 1-6 Regulation of G1/S-phase transition.  
The G1 to S phase transition is regulated by an FBL17-KRPs-CDKA;1-RBR-E2F module during 
pollen development. Adapted from Hackenberg and Twell (2019). 
1.3.4. Chromatin dynamics during pollen development 
Sexual reproduction in plants involves epigenetic reprogramming comprising changes to 
the patterns of DNA methylation and histone modifications. DNA methylation refers to 
the covalent modifications of base cytosine to form 5-methylcytosine. Flowering plants 
have been shown to undergo methylation specifically at CG, CHG and CHH nucleotide 
contexts (where H may be A, C or T). While the first two are maintained by the enzyme 
DNA Methyltransferase 1 (MET1), CHH-type methylation are maintained by DRM 
(Domains Rearranged Methyltransferase) 1 and 2 and CMT2 (Chromomethylase2).  
Histone modifications refer to the post-translational covalent modifications of histone 
proteins of chromatin required for the maintenance of the latter’s dynamic structure. A 
wide variety of histones modification necessary for normal cellular processes have been 
identified and studied. These include methylation and acetylation of lysine and 
phosphorylation of serine and threonine. Of these, acetylation, and methylation of 
histones in the coding regions of genes have been shown to play particularly important 
roles in plant reproduction (Roudier et al., 2011).  
The status of pollen chromatin defers significantly between VC and SC that is also 
reflected in their methylation profiles (She and Baroux, 2014; Borg and Berger, 2015). 
For example, while the SC nuclei have a higher CG methylation and lower CHG 
methylation compared to VC nuclei, the proportion of their CHH DNA methylation is 





2012). One of the primary function of DNA methylation is in the silencing of TEs. 
Interestingly, while TEs have been shown to be active in VC nuclei, those in the SC 
remain silenced (Slotkin et al., 2009) likely due to the expression of the 5-methylcytosine 
DNA glycosylase DEMETER (DME) and the downregulation of DDM1 (DECREASE 
IN DNA METHYLATION1) that is required for DNA methylation (Schoft et al., 2011). A 
DME-dependent mechanism to regulate DNA methylation during pollen development 
was reported by Ibarra et al., who discovered that DME is required for demethylation in 
the VC nucleus based on their study of DME/dme plants and proposed that the expression 
of DME and subsequent demethylation in VC is necessary for full methylation of targeted 
SC TEs (Ibarra et al., 2012). In the 2009 study by Slotkin et al., activation of TEs in the 
VC nucleus was shown to result in the accumulation of 21-nt siRNAs that were 
eventually transported to the sperm nuclei (Slotkin et al., 2009). Overall, these studies 
showed the importance of epigenetic reprogramming in pollen development. Recently, 
Khouider et al., (2021) demonstrated the role of DME and ROS1 working semi-
redundantly in the VC to demethylate DNA and ensure pollen tube development. 
The Arabidopsis genome contains five copies of histone 3.1 (H3.1) and three copies of 
histone 3.3 (H3.3) (Ingouff and Berger, 2010). While both variants are present in the 
chromatin at the UNM stages, PM I and PM II completely removes H3.1 from mature 
Arabidopsis pollen whereas the SC chromatin becomes almost exclusively composed of 
HTR5-derived H3.3 and a third variant referred to as H3.10 (Borg and Berger, 2015). The 
two variants perform different functions despite differing in just four amino acids. While 
the H3.1 are integrated during the S-phase of the cell cycle, H3.3 variants participate in 
gene expression regulation and are deposited at transcriptionally active loci independent 
of DNA replication (Stroud et al., 2012; Wollmann et al., 2012). The DAT MGH3 
(HTR10) is an H3.10 specifically expressed in the GC and SC under direct control of 
DUO1 and has been shown to be critical for SC development (Brownfield et al., 2009a). 
HTR10 promoter becomes immediately active following DUO1 expression in the GC and 
two of its four DUO1 binding motifs have been shown to be necessary for this activation 
(Borg et al., 2011). Meanwhile, proteins involved in chromatin assembly have also been 
shown to be critical for pollen development. Mutations in the conserved chaperone 
protein Chromatin Assembly Factor 1 (CAF1) that assembles nucleosomes de novo at 
the DNA replication fork during S-phase (Smith and Stillman, 1989; Kaya et al., 2001) 
has been shown to disrupt the incorporation of histone 3 proteins to produce a sperm-like 
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cell that retains its ability to fertilise the EC suggesting that CAF1 is involved in cell 
division but not in SC specification (Chen et al., 2008). 
 Transcriptomics of pollen development 
Transcriptomic analysis led to a better understanding of global gene expression dynamics 
in developing pollen. Characterisation of different RNA classes allowed the exploration of 
pollen mRNA landscape. For example, expression analysis of pollen rRNA and tRNA 
revealed higher transcriptional activity in Tradescantia paludosa (Tradescantia) and Lilium 
longiflorum (lily) at PM I and in Nicotiana tabacum (tobacco) immediately after PM I 
(Mascarenhas, 1990; Schrauwen et al., 1990). in vitro translation of Tradescantia, lily and 
tobacco pollen mRNAs produced 2-D protein profiles that were used for investigating the 
composition of mRNA population. In both tobacco and lily, distinctly different protein 
composition was discovered before and after PM I, which suggested a shift in the 
developing pollen transcriptomic landscape at PM I. Detection of a maximum number of 
novel proteins in the mature pollen stage revealed its functional specialisation compared to 
other stages (Schrauwen et al., 1990). The mRNA expression landscape in pollen was 
classified into three different groups- 1) A first group that is expressed at a constant level 
throughout pollen development, 2) a second group that is expressed in early stages and 
increases as the pollen matures and 3) the third group of transiently-expressing genes is 
active either before or after PM I (Schrauwen et al., 1990). The pollen mRNA landscape 
was later categorised into one group of ‘early genes’ active in the microspore stage up until 
PM I and a second group of ‘late genes’ that become active after PM I (Mascarenhas, 1990; 
Twell, 2002). Overall, these results identified PM I as a critical event that separates pollen 
gene expression landscape into two distinct phases. 
1.4.1. Pollen transcriptomics in the pre- NGS era 
A chief aim of transcriptomics is to estimate the number of active genes in a tissue or cell 
of interest. Early estimates of predicted 20,000 active pollen genes based on poly(A) RNA-
DNA association kinetics in Tradescantia that represented ~30% fewer genes than in shoot 
sporophytic cells (Willing and Mascarenhas, 1984). The first generation of microarray 
(MA) (Schena et al., 1995) Arabidopsis chipset called 8-K GeneChip carried probes for 
nearly 8100 genes (Richmond and Somerville, 2000) which revealed an estimated 992 
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(Honys and Twell, 2003) and 1587 (Becker et al., 2003) active genes in mature Arabidopsis 
pollen. Later works led to an updated estimate that ranged between 3954 and 7235 genes 
(Honys and Twell, 2004; Pina et al., 2005; Schmid et al., 2005; Borges et al., 2008; Wang 
et al., 2008). Based on these numbers, the total number of active pollen genes was estimated 
to range between 3500 and 5500 (Rutley and Twell, 2015). 
Early estimates of mature Arabidopsis pollen transcriptome based on Serial Analysis of 
Gene Expression (SAGE) revealed 4211 active genes that are enriched in cell signalling, 
cell-wall metabolism, and cytoskeletal metabolism. This is consistent with the functional 
specialisation of mature pollen predicted previously (Schrauwen et al., 1990) as it prepares 
for pollen germination and pollen tube growth (Lee and Lee, 2003). In contrast, genes 
responsible for energy metabolism, transport, transcription, and translation were under-
represented. 
The first MA-based transcriptome of developing pollen used the second generation of 
ATH1 MA (Redman et al., 2004) gene chip with 22,591 probe sets that represented 23,750 
genes (Honys and Twell, 2004). This work identified 13,977 actively expressed genes in 
developing pollen that declined from 11,565 in UNM to 7235 in mature pollen and pollen-
specific genes that rose from 6.9% in UNM to 8.6% in TCP (Honys and Twell, 2004). The 
study also revealed a shift in gene expression landscape between early and late stages at 
PM II, in contrast to PM I reported earlier (Mascarenhas, 1990). The ATH1 array was, 
however, limited as it lacked representation for nearly 3000 genes including DUO1 
(Durbarry et al., 2005; Rotman et al., 2005; Brownfield et al., 2009a). 
The first transcriptome of Arabidopsis male germline revealed a transcriptome of 5829 
genes that were smaller than the 7177 genes active in mature pollen, with 65.4% of the 
genes common in both (Borges et al., 2008). GO analysis revealed strong enrichment of 
DNA repair, ubiquitin-proteasome pathway, and cell cycle in the male germline. Of the 
nearly 6000 genes expressed in SCs, nearly 11% were SC-specific (Borges et al., 2008). 
Transcriptomic data from these and other studies have provided a strong impetus to 
expression studies in Arabidopsis pollen that are available in the form of over 130 raw data 
files in Gene Expression Omnibus and Array Express. These studies revealed the unique 
gene expression profile of pollen transcriptomes, and its reduced complexity in comparison 
to the sporophytic transcriptomes such as root hair (11,696 genes, Becker et al., 2014) or 
stomatal guard cells (13,222 genes, Bates et al., 2012). 
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1.4.2. Pollen transcriptomics in the NGS era 
 
RNA-Seq is currently the most popular high-throughput tool used for transcript discovery 
and quantification (Conesa et al., 2016). Transcript discovery refers to the identification of 
novel genes, and quantification refers to counting the number of mRNA transcripts in the 
sample. Apart from exploring the transcriptomes of non-model species, RNA-Seq also 
enables the characterisation of unknown genes from model organisms. 
RNA-Seq broadly involves the preparation of a cDNA library from high to medium-quality 
RNA. It involves library enrichment, fragmentation of the amplified products into shorter 
fragments, adding adaptors to the fragments to make them RNA-Seq compatible, 
sequencing of the fragments on an Illumina sequencer and finally the computational 
analysis of the RNA-Seq data to reveal novel functions (Picelli et al., 2013; Van Verk et 
al., 2013; Conesa et al., 2016; Hrdlickova et al., 2017). 
An enriched cDNA library from 20-30,000 neuronal cells was prepared according to the 
SMART-Seq method (Tantirigama et al., 2016). The protocol used Oligo d(T) priming and 
SMART template-switching technology to generate cDNA transcripts amplified using a 
limited-cycle PCR (12-18 cycles) (Ramsköld et al., 2012). Template switching allows the 
synthesis of a full-length cDNA product with the complete 5`-end of the mRNA, which 
ensures accurate quantification and reliable identification of transcription start sites (TSS). 
Template switching relies on the ability of MMLV-RT to add 2-5 untemplated 
deoxycytidine residues to the 3`-end of the first-strand cDNA (Chen and Patton, 2001; Zhu 
et al., 2001). The Template switch Oligos (TSOs) carry three riboguanosines at its 3`-end 
to hybridise to the untemplated residues (Figure 1-7). The MMLV RT uses these TSO bases 
as an anchor to ‘switch’ its template from the first-strand to create the second-strand. A 
unique sequence on the TSO and the Oligo d(T)’s 5`end is used to amplify the library with 




Figure 1-7 A diagrammatic representation of the SMART-Seq2 method to generate RNA-Seq-
compatible libraries.  
(A) Poly(A) mRNAs are reverse transcribed by MMLV-RT using Oligo d(T) and TSOs, (B) 
MMLV-RT uses the TSOs to perform ‘template-switching’ and also adds two adaptor sequences 
for amplification, (C) A pre-amplification PCR is performed using ISPCR primers that anneal to 
the adaptor sequences, (D) the pre-amplified library is fragmented into 400-600 bp fragments by 
tagmentation and amplified again using a limited-cycle PCR to add two adaptors with barcodes 
called i5 and i7 indexes, (E) The RNA-Seq read fragments are sequenced on an Illumina MiSeq or 
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Tagmentation was performed using a hyperactive Tn5 transposase that fragments the pre-
amp cDNA library into 200-600 bp fragments and attaches an adaptor to the target cDNA 
(Adey et al., 2010; Picelli et al., 2014). Tagmentation produces partial sequence bias when 
compared to mechanical shearing, but this bias does not affect the overall mapping quality 
of the sequenced reads (Adey et al., 2010). The fragmented cDNA library is further 
enriched by 12-14 rounds of tagmentation PCR that adds two index sequences (i5 and i7) 
to both ends. The fragmented and indexed libraries are finally purified and run on an 
Illumina sequencer. The sequence data is mapped and used to identify both novel and 
known genes and to quantify their expression. Several variations to the library preparation 
protocol over the last several years have led to considerable improvements in data quality 
and reaction costs (Ozsolak and Milos, 2011; Saliba et al., 2014).  
 
RNA-Seq has not been fully exploited to study pollen development. A PubMed database 
search with the keywords ‘Pollen’ AND ‘RNA-Sequencing’ produces only a small number 
of pollen RNA-Seq publications compared to RNA-Seq papers published on leaf, flower, 
and root (Figure 1-8). Of these pollen RNA-Seq papers, fewer still studied the developing 
pollen transcriptome, likely due to challenges associated with the isolation of pure and 





Figure 1-8 Number of pollen RNA-Seq publications from 2010 to 2019. 
The number of papers published on pollen RNA-Seq was determined from the NCBI PubMed 
database using the keywords ‘tissue’ AND ‘RNA-Seq’ where ‘tissue’ referred to either pollen, 
leaf, root, or flower. 
The first RNA-Seq of Arabidopsis pollen estimated 4172 protein-coding genes in mature 
pollen (Loraine et al., 2013) of which about 11% remained unrepresented in the ATH1 
array revealing a group of previously unidentified genes. In contrast, less than 1% of the 
genes detected in the ATH1 array remained undetected in RNA-Seq that signify the higher 
sensitivity and wider dynamic range of RNA-Seq technology. The estimate of 4172 genes 
was based on a conservative threshold value of 5 RPM that has now been re-estimated to 
6473 using a lower threshold of 1 RPKM, which is higher than the ATH1-based estimate 
of 6044 genes expressed in mature pollen on an average. Meanwhile, the study is limited 
by the use of a single biological replicate that was not statistically analysed. Nevertheless, 
the study offers a useful resource for future reference and provides a basis for molecular 
analysis of mature pollen-expressed genes. The wide variations in the number of genes 
estimated upon applying different threshold values show the limitation of depending upon 
a single mode of analysis to process and analyse transcriptomic data.  
RNA-Seq has also been used to investigate the mature pollen transcriptomes of several 
other plant species such as the mature rice SCs and VCs (Anderson et al., 2013), mature 
pollen of maize (Chettoor et al., 2014), lily (Lang et al., 2015) and tobacco (Conze et al., 
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RNA-Seq has also opened further research into the miRNA landscape of developing pollen 
(Slotkin et al., 2009; Grant-Downton et al., 2013). The first reports suggesting the activity 
of miRNAs in the male gametophyte were first published by Kidner and Martienssen (2005) 
where they characterised a mutant allele of AGO1 in Arabidopsis that is poorly transmitted 
through the male gametes (Kidner and Martienssen, 2005). In their seminal work, Grant-
Downton et al. (2013) showed that the sRNA pathways are indeed active in the male 
gametophyte and that their expression patterns differed substantially from sporophytic 
cells. Several miRNA genes were found to be expressed in mature pollen that were active 
in generating products that were in turn being processed into mature miRNAs. Finally, the 
cleavage products of target mRNAs were detected even in mature pollen suggesting that 
the pollen miRNAs are indeed biochemically active (Grant-Downton et al., 2013). 
Recently, Hafidh et al. presented a transcriptomic and proteomic analysis of stored and 
translated transcripts throughout tobacco pollen development including microspores, early 
and late BCP, mature pollen, and pollen tubes (Hafidh et al., 2018). More recently, Misra 
et al. (2019) optimized a system to collect individual SCs from growing pollen tubes using 
FACS. The purity of the sorted SCs was confirmed, and a transcriptome of single SCs 
successfully generated and analysed using an optimized scRNA-Seq protocol. 
 Techniques for pollen isolation and manipulation 
 
All higher eukaryotes are composed of a diverse array of cells. A variety of techniques have 
been used to isolate single-cell types from complex plant tissues. Laser microdissection 
(LMD) involves embedding the tissue of interest in a suitable matrix teasing apart a specific 
cell type with a laser beam. In plants, LMD was first used to isolate rice phloem cells 
(Asano et al., 2002) and has since been refined and applied for several isolations (Kerk et 
al., 2003; Nelson et al., 2006; Martin et al., 2016). However, the method is limited by a 
cumbersome procedure that requires specialised equipment and high skill levels.  
Single-cell types have been isolated using a combination of enzyme-based maceration and 
FACS (fluorescence-activated cell sorting). FACS separates cells based on their size, 
granularity, and fluorescence levels (Bonner et al., 1972). FACS was first used in plants to 
isolate maize SCs (Engel et al., 2003). The method was later adopted to isolate Arabidopsis 
SCs to generate an SC transcriptome (Borges et al., 2008). The method is limited as it 
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requires specialised equipment and trained personnel and relies on the reliability of cell-
specific markers. Development of novel pollen-specific and pollen stage-specific markers 
are of great significance in this context. Single embryo sac and zygote cells were isolated 
using a combination of microdissection and enzyme-based maceration (Zhao et al., 2000; 
Chen et al., 2008). 
 
Unlike normal plant cells, pollen are not symplastically connected to adjoining tissues 
making its isolation relatively easier. However, isolation of pure and homogeneous pollen 
sample has been a challenge due to several reasons. Here, purity refers to the likely absence 
of the sporophytic anther cells and its transcripts while homogeneity implies that the pollen 
belongs to a specific stage or a narrow developmental window. 
Several attempts have been made to develop a reliable method to isolate pure and 
homogeneous pollen, especially for transcriptomic analysis. One popular method used 
gradient centrifugation to isolate pollen for generating the developing pollen transcriptomes 
of Arabidopsis (Chomczynski and Sacchi, 1987; Honys and Twell, 2004), rice (Wei et al., 
2010) and tobacco (Kyo and Harada, 1985, 1986; Bokvaj et al., 2015). In this method, a 
large number of anthers are collected from multiple plants and gently ground in an isotonic 
solution containing 0.3 M mannitol. The ground slurry is filtered through a series of nylon 
meshes with progressively finer pore sizes to remove the anther debris (Shivanna and 
Rangaswamy, 1992). The filtrate containing pollen from multiple stages is centrifuged in a 
sucrose or percoll density gradient at high speed which separates the pollen based on its 
particle density. Density centrifugation co-locates the developing pollen to position in the 
media where their particle density equals media density (Brakke, 1951). Pollen co-located 
to specific positions in the solution were then collected and frozen for later use. Since pollen 
densities broadly correlate with their developmental stage, the method has been used to 
isolate pollen from a broad developmental window for transcriptomic analyses  
Developing pollen samples generated by gradient centrifugation belong to a broad 
development window and contain non stage-specific pollen. In the Honys and Twell (2004) 
study, the UNM sample was contaminated with 5% non-target pollen (tetrad and BCP), 
BCP sample was contaminated with 3.5% non-target tetrad, 7.5% non-target TCP and 
12.5% non-target UNM and the TCP sample was contaminated with 12% non-target BCP 
(Figure 1-9) (Honys and Twell, 2004). Similar cross contamination levels were observed 
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in rice pollen samples prepared by gradient centrifugation containing 8% non-target pollen 
in the UNM sample and 20% non-target pollen in the BCP sample (Wei et al., 2010). 
Meanwhile, at least one laboratory has reported their inability to reproduce the results from 
gradient centrifugations suggesting that the method may not be easy to replicate (Calarco, 
2013). 
Another significant limitation of the gradient centrifugation method is its requirement for 
bulk amount of pollen. For example, the developing pollen transcriptome generated by 
Honys and Twell (2004) required bulk pollen from 400 plants. The requirement for large 
number of plants makes this method unsuitable for experiments such as comparative 
transcriptomics of pollen that requires the analysis of a variety of samples, for example 





Figure 1-9-Homogeneity of Arabidopsis pollen samples prepared using gradient centrifugation 
method. 
Developing pollen isolated in bulk from 400 Arabidopsis plants were physically lysed in a frozen 
mortar and pestle, filtered to remove pollen and anther debris and stage-separated using density-
gradient centrifugation. A representative sample from each isolate was DAPI-stained and 
observed under a fluorescent microscope. The number of pollen belonging to a specific stage in 
each sample was visually counted and plotted in percentages. UNM-Uninucleate microspore, 
BCP-Bicellular pollen, TCP-Tricellular pollen and MPG-Mature pollen grains. (Honys and 
Twell, 2004). 
Gradient centrifugation method exposes pollen samples to long processing times of up to 
30 min for centrifugation alone (more for sample collection and filtration) and to cold (4ºC) 
that may generate gene expression artefacts such as activation of cold-stress genes. 
Incubation of animal cells in cell membrane-lysing maceration enzymes and their 
separation by FACS-sorting produces miRNA expression artefacts (Richardson et al., 
2015). Production of similar artefacts in plant cells has not yet been reported but need to be 
considered. Overcoming these limitations is necessary to perform sensitive analysis of the 
developing pollen such as exploring its transcriptomic landscape using RNA-Seq. 
 
Methods to lyse pollen wall using enzymes were developed in the 1980s to isolate 
protoplasts for haploid plant generation (Tanaka, 1988; Tanaka et al., 1987; Birnbaum et 
al., 2003). These methods used a mix of macerozyme and cellulase to degrade the pollen 
wall made of a unique non-cellulosic material called sporopollenin (Ariizumi and 
Toriyama, 2011). Osmosis-based lysis methods (or Osmolysis) have been used to release 
pollen cell contents (Russell, 1986; Gou et al., 2009), which involves incubating the pollen 
in a hypotonic sucrose solution (15%-30%, depending on the pollen species) with gentle 




















release pollen protoplasts for induction of androgenesis and generation of haploid plants 
(Guha and Maheshwari, 1964; Ferrie and Keller, 1995). In one such method, mature lily 
pollen wall was ruptured with an oxidising chemical called 4-methyl morpholino-N-oxide 
monohydrate (MMNO.H2O or MMNO) (Loewus et al., 1985; Baldi et al., 1987). MMNO 
is a potent solvent of polysaccharides that can effectively penetrate the outer pollen wall 
made of sporopollenin and dissolve its inner wall. While MMNO’s mode of action is 
uncertain (it likely disrupts H-bonds), the solvolytic action of the chemical is affected by 
temperature, water content and the presence of water-miscible solvents (Chanzy et al., 
1982). However, MMNO-dependent lysis of pollen was not widely adopted for protoplast 
isolation since MMNO reduced the viability of the protoplasts which in turn reduced the 
efficiency of pollen culture and haploid plant generation (Kerk et al., 2003; Nelson et al., 
2006). 
 Aims of this project 
Gene expression analysis of developing pollen is difficult because of the complexities 
involved in harvesting pollen from a small number of plants that are free from sporophytic 
contaminants and belongs to a narrow developmental window. The primary goal of the 
work in this thesis was to enable better understanding of gene expression during pollen 
development that would serve as a valuable resource for the pollen biology community by 
developing a novel method to isolate pure and homogeneous pollen from a small number 
of plants, generating the first RNA-Seq-based transcriptome of developing pollen and a list 
of pollen-enriched genes that can be used for a variety of applications including pollen-
specific promoter development. To address this, I have developed a method to isolate pollen 
from a single anther or bud and have used a variety of molecular tools such as RNA-Seq, 
RT-qPCRs and Digital droplet PCRs (DD-PCRs) to validate the method. 
Since a reliable method to isolate pure and homogeneous developing pollen for molecular 
analysis was not available, the first results chapter (Chapter 3) aims to develop a novel 
method to isolate pure and homogeneous low-input pollen (50-100) samples from a single 
anther or a bud. Here, ‘pure’ refers to the likely absence of diploid sporophytic cells and 
their transcripts (mRNAs) whereas ‘homogeneous’ implies that the pollen samples belong 
to a specific stage or a narrow developmental window. Throughout this thesis, 
morphological homogeneity (established using appropriate microscopic techniques) has 
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been used as an indicator of developmental homogeneity. The chapter describes the 
development, testing and optimization of a non-destructive pollen lysis method that does 
not affect the integrity of its molecular contents (esp. RNA). Chapter 3 describes the 
experiments performed to test if the lysed pollen extracts can be directly used for gene 
expression assays by studying the effect of potential contaminants and pollen cell 
components on popular molecular assays such as RT-qPCRs and RNA-Seq. 
The method developed and described in Chapter 3 forms the basis for Chapter 4 that aims 
to generate the first RNA-Seq-based transcriptome of developing pollen using pollen from 
four developmental stages and to study its transcriptional dynamics. The method is further 
used in Chapter 5 that aims to characterize a pollen development mutant duo4 that has been 
suggested to be the result of misexpression of a cell-cycle gene CCS52A1/FZR2. The 
expression dynamics of the gene in developing pollen will be studied using RT-qPCR and 
DD-PCR while the proportion of WT and duo4 pollen in +/duo4 plant will be explored 
using targeted amplicon sequencing. 
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 Chapter 2 : Materials and Methods 
 Materials 
2.1.1. Select reagents, chemicals and equipments 
4-Methylmorpholine N-oxide monohydrate (Sigma-Aldrich, USA; Catalogue no: 67873) 
Agencourt AMPure XP beads (Beckman Coulter, USA) 
Agilent DNA High sensitivity kit (Agilent Technology, USA) 
Agilent RNA 6000 Nano kit (Agilent Technology, USA) 
Qubit dsDNA High Sensitivity Assay Kit (Thermo Fisher, USA) 
Agilent 2100 Bioanalyzer (Agilent Technologies, USA) 
Illumina HiSeq 2500 (Illumina Inc., USA) 
Illumina MiSeq (Illumina Inc., USA) 
Nanodrop ND-1000 Spectrophotometer (ThermoFisher, USA) 
Nikon SMZ 800 (Nikon, Japan) 
Olympus BX51 Fluorescent Microscope (Olympus, Japan) 
Qubit 2.0 Fluorometer (ThermoFisher, USA) 
Roche LightCycler 480 II (Roche, Switzerland) 
2.1.2. Software 
Bioanalyzer 2100 (Agilent Technology, USA) 
Geneious (Biomatters, New Zealand) 
Quantity One (Bio-Rad, USA) 
Seqmonk (Babraham Institute, UK) 
2.1.3. Online tools 
DAVID GO analysis tool (https://david.ncifcrf.gov/) 
NCBI Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) 
Panther GO analysis tool (http://www.pantherdb.org/) 
Primer 3 plus (https://primer3plus.com/cgi-bin/dev/primer3plus.cgi) 
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Usegalaxy (https://usegalaxy.org/ and https://usegalaxy.eu/) 
Venn diagrams (http://www.interactivenn.net/) 
2.1.4. Bioinformatic tools 














 Plant growth conditions 
2.2.1. Plant growth on sterile media 
 
To isolate total RNA from Arabidopsis, seedlings belonging to Columbia (Col-0) ecotype 
were grown under aseptic conditions on Murashige and Skoog (MS) salt medium containing 
4.3 grams (g) MS salt and 950 ml Milli Q water (Millipore Inc.). The pH of the solution was 
adjusted to 5.7 with 10 M sodium hydroxide (NaOH) and autoclaved for 20 min at 120ºC 
and 15 psi on liquid cycle. For plating, 0.6% (w/v) of Phyto Agar (Sigma Aldrich Inc, USA) 
was added to the solution and poured into 100 mm x 15 mm pre-sterile petri dishes in a 
sterile laminar hood. 
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Arabidopsis seeds were sterilized using the vapour-phase sterilization method. Arabidopsis 
in a microcentrifuge tube (up to 50 μl) were placed in a desiccation jar with 10 ml bleach 
(Sodium hypochlorite) in a glass petri dish. The jar was closed after adding one ml of HCl 
to the bleach to sterilise the seeds in the presence of chlorine gas for 4 h. Sterilised seeds 
were plated on sterile MS agar in a clean laminar hood. The plates were sealed using 
Micropore surgical tapes (3M Inc.), stratified at 4ºC for 48 hours (h) and placed in the plant 
growth room under long day conditions (16-h light and 8-h dark cycle) at 20-22ºC and 45% 
relative humidity. 
2.2.2. Plant growth on soil 
Arabidopsis plants were grown on soil prepared by combining pre-made potting mix (Yates 
premium potting mix, New Zealand) and vermiculite in the ratio 3:1. The mix was used to 
fill plastic potting trays and moistened with double-distilled water. The water was mixed 
with Nemaplus nematodes (BioForce Inc., New Zealand) to control brown fly larvae.  
About 50 Arabidopsis seeds were dispersed on the moist soil, stratified at 4ºC for 48 h and 
transferred to the plant growth room under long-day conditions (16-h light and 8-h dark 
cycle) at 20-22ºC and 45% relative humidity. Seeds were harvested at the end of 50-60 days 
from dried plants by crushing the siliques and sieving them through a fine mesh. 
 Low-input developing pollen (LiDP) isolation method 
2.3.1. Pollen isolation 
Buds from healthy Arabidopsis inflorescences were isolated and placed on a clean glass 
slide in contact with a drop of water and kept inside a petri dish. The buds were opened with 
two pairs of sharp forceps (Dumont #55, 0.05 x 0.02 mm tip) and one or three medial anthers 
were removed and placed in a drop of 0.3 M mannitol. The anther(s) were cut open with the 
sharp edge of a hypodermic needle (27½ G) to release half the pollen into the surrounding 
solution. The pollen-mannitol mix was transferred to a 200 microlitre (μl) PCR tube and the 
volume was made to 10 μl. The remaining anther and pollen was fixed in a Farmer’s fixative 




A working solution of Farmer’s fixative was prepared by mixing 6 ml of molecular biology 
grade ethanol and 2 ml acetic acid in a 10 ml falcon tube. The fixative can be used for up to 
one month and can be stored at room temperature. 
2.3.2. Pollen washing to remove anther contamination 
The PCR tube containing pollen-mannitol suspension was centrifuged in a fixed speed mini 
centrifuge (Gilson™ GmCLab Microcentrifuge) at 2000 g for 2 min. The supernatant was 
aspirated and replaced with 10 μl of fresh 0.3 M mannitol and centrifuged again. The 
washing step was repeated, the supernatant was aspirated, and the pollen pellet was 
immediately frozen on dry ice before it was transferred to a -80ºC freezer for later use. 
2.3.3. Pollen staging 
Fixed anther material containing the remaining pollen was placed in a drop of water for 10 
seconds (s) and then moved to a drop (5 μl) of 10 μg/ml DAPI (4’-6-Diamidino-2-
phenylindole) (0.1 M sodium phosphate, pH 7; 1 mM EDTA , 0.1% (v/v) Triton X-100, 0.4 
mg/ml DAPI; high grade, Sigma Aldrich) on a clean glass slide. The anther was further 
dissected under a light microscope (Nikon SMZ 800) with two pairs of forceps (Dumont 
#55, 0.05 x 0.02 mm tip) to release the pollen into the DAPI solution. A clean cover slip was 
placed on the DAPI-stained pollen, sealed with nail polish, and viewed under an Olympus 
BX51 upright fluorescent microscope. The images were captured and processed using Nikon 
NIS Elements AR Software.  
 
DAPI working solution was prepared by adding 8 μl of DAPI (Sigma) stock solution (0.5 
mg/ml prepared in distilled water and stored at 4ºC to 10 ml of DAPI buffer (0.1 M sodium 
phosphate, pH 7, 1 mM EDTA, 0.1% Triton X-100).  
2.3.4. Low-input developing pollen lysis 
LiDP samples in 200 PCR μl tubes (after corresponding samples were staged by 
microscopy) were removed from the freezer, given a short 10 s spin, and placed on ice. A 
small volume (3.5 μl) of ‘pollen lysis solution’ (4 M MMNO, 2 U/μl RNaseOUT) was added 
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to the PCR tubes containing the pollen, vortexed briefly for 5 s and incubated at 75ºC for 10 
min in a thermocycler (Eppendorf Flexilid). The tubes were incubated at room temperature 
for 5 min for further lysis and vortexed vigorously for 10 s. The tubes were then centrifuged 
at 2000 g in a microcentrifuge for 5 min to pellet the lysed pollen walls and other debris. 3 
μl of the pollen lysate was carefully aspirated with a 10 μl pipette and transferred to a fresh 
PCR tube and placed on ice. 
 
To prepare the pollen lysis solution (4 M MMNO, 2 U/μl RNAseOUT), a 6 M MMNO 
solution was prepared by dissolving 810 mg of MMNO.H2O (4-Methylmorpholine N-oxide 
monohydrate, Sigma-Aldrich, USA) in 1 ml Ultra-pure water. For this, MMNO was first 
added to 600 μl Ultra-pure water in an Eppendorf tube and allowed to dissolve in a heating 
block set at 60ºC. The volume of the solution was gradually made up to 1 ml with warm 
Ultra-pure water. Finally, 100 μl of 6 M MMNO and 7.5 μl RNAseOUT (40 U/μl) was added 
to 42.5 μl ultra-pure water to prepare 150 μl of the pollen lysis solution. 
2.3.5. Pollen lysate cDNA synthesis 
Pollen lysates were directly used for cDNA synthesis using PrimeScript RT enzyme, Oligo 
d(T) and/or random hexamers (Takara Bio, USA) in a PCR tube (Table 2-1). The tube 
contents were gently mixed, spun down at 2000 g and incubated at 37ºC for 45 min on a 
thermal cycler (Table 2-4). The enzyme was inactivated by heating the tube at 85ºC for 5 s 
and stored at 4ºC for immediate (same day) use. Alternatively, the tubes were stored at -
20ºC for storage up to a week or at -80ºC for storage over one week. 
Table 2-1: Reaction set up for cDNA synthesis of pollen lysate 
Components Volume (μl) 
5X Prime Script Buffer (for Real Time) 2 
Prime Script RT Enzyme Mix I (200U/μl) 0.5 
Oligo dT Primer (50 μM) 0.5 
RNase-Free water or Random hexamers (100 μM) 0.5 
Pollen lysate 3 
RNase Free water 3.5 
Total Volume 10 
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 Plant nucleic acid isolation 
2.4.1. Plant genomic DNA isolation 
Genomic DNA for dCAPS PCR was isolated from Arabidopsis seedling or leaf using the 
Edward’s protocol (Edwards et al., 1991). Young seedlings or a one-half of an immature 
rosette leaf were harvested into a zip lock plastic pouch containing 500 μl Edward’s buffer 
(1 M Tris-HCl, pH 7.5- 8 (BioFroxx, Germany), 5 M NaCl (Sigma Aldrich, USA), 0.5 M 
EDTA (pH 8.0) (Sigma Aldrich, USA ) and 10% SDS (Sigma Aldrich, USA). The tissue 
was gently crushed and macerated by rolling a test tube over the pouch. The lysate was 
transferred to a 1.7 μl microcentrifuge tube (Axygen, USA) using a 1 ml pipette and 
centrifuged at maximum speed (21,130 g) for 5 min in a bench top centrifuge (Eppendorf, 
Germany). The supernatant (400 μl) was transferred to a fresh microcentrifuge tube. 
Isopropanol was added to the supernatant in equal volume (400 μl) and mixed thoroughly 
by inverting the tube 8-10 times, which was then centrifuged at maximum speed (21,130 g) 
for 5 min. The supernatant was decanted, and the tube was patted on clean tissue paper to 
remove remaining supernatant. 
The genomic DNA pellet was washed with 500 μl of 70% AR Grade ethanol (Lab Supply, 
New Zealand) by centrifugation it at 21,130 g for 2 min. The tubes were patted on a clean 
tissue paper and allowed to air dry for 30-60 min. The dried DNA pellet was dissolved in 
50-100 μl Ultra-pure water (Thermo Fisher, USA) and stored at -20ºC. 
 
Genomic DNA was quantified using the NanoDropTM (Thermo Fisher, USA). The 
instrument was first blanked with 2 μl elution buffer or ultra-pure water following which the 
absorbance of the DNA sample was measured at 260 nm and 280 nm from which its 
concentration and purity of the sample was estimated. 
2.4.2. Plant total RNA isolation 
To isolate Arabidopsis total RNA for generating RT-qPCR standard curves, 50-100 mg of 
seedling or leaf samples were frozen and thoroughly ground into a fine powder using a 
mortar and pestle. The ground tissue was processed with RNeasy Plant Mini Kit (Qiagen, 
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USA) according to manufacturer’s instructions. Total RNA was eluted into 10-20 μl ultra-
pure water and stored at -20ºC. 
 
The quality of the total RNA was estimated by running 1 ng of total RNA on a Bioanalyzer 
(Agilent Technology, USA) using the RNA 6000 Nano kit (Agilent Technology, USA) 
according to manufacturer’s instructions. The instrument generates an RNA integrity score 
(RIN) ranging between zero and 10 where zero indicates completely degraded RNA and 10 
indicates fully intact RNA. 
2.4.3. Reverse transcription of total RNA  
 
For reverse transcription, total RNA isolated from Arabidopsis seedlings was DNase-treated 
by incubating 1 μg of total RNA with Amplification grade DNase (Thermo Fisher, USA) in 
a 0.5 ml microcentrifuge tube (Axygen, USA) (Table 2-2).  
Table 2-2: DNase-treatment of total RNA reaction setup. 
Components Volume 
RNA sample 1 μg 
10X DNase I Reaction Buffer,  1 μl 
DNase I, Amp Grade, 1 U/μl 1 μl 
RNase-free water Up to 10 μl 
 
The reaction was incubated at 37ºC for 15 min for DNase activity which was then inactivated 
by adding 1 μl of 25 mM EDTA followed by an incubation at 65ºC for 10 min. The treated 
RNA was either immediately used for cDNA synthesis or stored at -20ºC for later use. 
 
cDNA synthesis of DNase-treated RNA was performed using PrimeScript RT reagent 
(Takara Bio, USA). The reaction mixture was setup as shown in Table 2-3. 
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Table 2-3: Reverse transcription reaction setup. 
Components Volumes 
5X Prime Script Buffer (for Real Time) 2 
Prime Script RT Enzyme Mix I (200U/ul) 0.5 
Oligo dT Primer (50 μM) 0.5 
Water or random 6-mers (100 μM) 0.5 
Total RNA Variable 
RNase Free water 3.5 
Total Volume 10 
 
Total RNA from bulk tissues (1 μg) or from pollen lysate (3 μl) was reverse transcribed into 
cDNA with Oligo d(T) and/or random hexamers (both from Takara Bio, USA) and 
incubated at 37ºC for 45 min. The enzyme was inactivated by heating the reaction at 85ºC 
for 5 s in Table 2-4. The reverse transcribed products were later stored in -20ºC. 
Table 2-4: Reverse transcription reaction conditions. 
Step Temperature Time 
Reverse transcription 37°C 45 min 
Heat inactivation of RT 85°C 5 s 
Incubation 4°C Infinite 
 Polymerase chain reaction (PCR) 
2.5.1. Primer design 
Unless otherwise mentioned, all primers were designed using NCBI Primer-Blast. GC 
content of the primers were maintained between 45% and 55%, their Tm, length and intron 
overlap and number of bases they hybridized on the second exon depended on the specific 
requirements of the PCR. All primers were ordered from IDT, Singapore and resuspended 
in appropriate volume of Ultra-pure water (Thermo Fisher, USA) to make 100 μM which 
were diluted to 10 μM for working stocks. Both the stocks were stored at -20ºC. 
2.5.2. General purpose PCR 
General amplification of DNA was carried out using Platinum Taq DNA Polymerase 
(Thermo Fisher, USA) in a reaction set up as shown in   
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Table 2-5.  
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Table 2-5: General PCR reaction setup. 
Component Volumes Final concentration 
10X PCR Buffer, w/o Mg2+ 2.5 μl 1X 
50 mM MgCl2 0.75 μl 1.5 mM 
10 mM dNTP mix 0.5 μl 0.2 mM each 
10 µM forward primer 0.5 μl 0.2 µM 
10 µM reverse primer 0.5 μl 0.2 µM 
Template DNA variable <500 ng/rxn 
Platinum™ Taq DNA Polymerase 0.1 μl 2 U/rxn 
RNAase-free water to 25 μl NA 
 
The PCR was incubated according to cycling conditions shown in Table 2-6. Annealing 
temperature was set 5°C below primer Tm. 
Table 2-6 General PCR cycling conditions. 
Step Temperature Time 
Initial denaturation 94°C 2 min 
28–35 
PCR cycles 
Denature 94°C 30 s 
Anneal Variable 30 s 
Extend 72°C 1 min/kb 
Hold 10°C infinite NA 
2.5.3. High-fidelity PCRs using Platinum Taq HF 
High fidelity (HF) amplifications for amplicon PCRs and sequence verification were 
performed using Platinum Taq DNA Polymerase HF (Thermo Fisher, USA) using reaction 
set up as shown in Table 2-7 and cycling parameters according to manufacturer’s 
instructions (Table 2-8).  
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Table 2-7: High-fidelity Platinum Taq DNA Polymerase reaction setup 
Component Volumes Final concentration 
10X High Fidelity PCR Buffer 5 μl 1X 
MgSO4 (50 mM) 2 μl 2 mM 
dNTP mix (10 mM) 1 μl 0.2 mM each 
Primer Forward (10 μM) 1 μl 0.2 mM each 
Primer Reverse (10 μM) 1 μl 0.2 mM each 
Template DNA variable  
Platinum Taq DNA High Fidelity Polymerase (5 U/μl) 0.2 μl 1 U 
Ultra-pure water to 50 μl  
 
Table 2-8: High-fidelity Platinum Taq DNA Polymerase reaction cycling conditions. 
Step Temperature Time 
Initial denaturation 94°C 2 min 
28–35 PCR 
cycles 
Denature 94°C 30 s 
Anneal Variable 30 s 
Extend 68°C 1 min/kb 
Hold 10°C infinite   
2.5.4. High-fidelity PCRs using KAPPA HiFi 
Pre-amplification PCR of RNA-Seq libraries were performed using 2x KAPA HiFi Hot Start 
ReadyMix (Roche, Switzerland) according to the following reaction set up (Table 2-9). 
Table 2-9: Reaction setup of high-fidelity PCR with KAPA HiFi ReadyMix 
Component Volumes Final concentration 
2X KAPA HiFi Hot Start ReadyMix 12.5 μl 1X 
Forward Primer (10 μM) 0.75 μl 0.3 μM 
Reverse Primer (10 μM) 0.75 μl 0.3 μM 
Template DNA variable variable 
Ultra-pure water Up to 25 μl N/A 
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The reaction was incubated under the following cycling parameters (Table 2-10). 
Table 2-10: High fidelity PCR with 2X KAPA ReadyMix cycling conditions. 
Step Temperature (°C) Time 
Initial denaturation 95  3 min 
 Denature 98 20 s 
PCR cycles 
(28–35) 
Anneal 60-75 15 s 
  Extend 72 1 min/kb 
Hold  10   indefinite 
 
2.5.5. Quantitative reverse transcription PCR (RT-qPCR) 
RT-qPCRs were performed using KAPA SYBR Green (Roche, Switzerland) on a 
LightCycler 480 II (Roche, Switzerland). The reaction was set up as shown in Table 2-11. 
Table 2-11: RT-qPCR with KAPA SYBR Green reaction setup 
 
Components Volume (μl) Final concentration 
KAPA SYBR FAST qPCR Master Mix (2X) 10 1X 
Forward primer (10 μM) 0.4  200 nM 
Reverse primer (10 μM) 0.4 200 nM 
Template cDNA variable <20 ng 
PCR-grade water Up to 10 Not applicable 
 
The RT-qPCR reactions were run using parameters shown in Table 2-12 and under cycling 
conditions shown in Table 2-13. Cycling time (Ct) values were calculated using the 
‘Absolute quantification by the second derivative max’ method in LightCycler® 480 
software. Relative expression levels were calculated using the ‘Advanced relative 
expression’ program of the LightCycler® 480 software. 
Table 2-12: Reaction parameters for RT-qPCR. 
Program Cycles Mode 
Pre-incubation 1 None 
Amplification 50 Quantification 
Melting curve 1 Melting curves 
Cooling 1 None 
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Table 2-13: RT-qPCR with KAPA SYBR Green cycling conditions 
Program Temperature (ºC) Time  
Pre-incubation 95 3 min 
Amplification 
95 10 s 
64 20 s 
72 1 s 
Melting curve 
95  5 s 
65 1 min 
97 5-10 acq./ºC 
Cooling 40 10 s 
 
2.5.6. Digital droplet PCR (DD-PCR) 
Digital droplet PCR assays were performed with the QX200 Droplet Digital PCR System 
(Bio-Rad). DD-PCR reaction mix (20 µL) 2 picomoles (pmol) of 5ʹ primer, 2 pmol of 3ʹ 
primer and 10 μl EvaGreen Digital PCR Supermix. After generating droplets using QX200 
Droplet Generation Oil for EvaGreen, the reaction mix was transferred to a 96-well plate 
which was sealed with a PX1 PCR Plate Sealer (Bio-Rad). The plate was placed in a C1000 
Touch Thermal Cycler (Bio-Rad) and run according to the cycling parameters: 5 min at 
95°C for initial denaturation, 40 cycles of 95°C for 30 s, and 58.1°C for 60 s, followed by 
4°C for 5 min, 90°C for 5 min and 12°C indefinitely. The number of fluorescent droplets 
were counted with a QX200 Droplet Reader (Bio-Rad). Results were analysed using the 
QuantaSoft Analysis Pro software package (Bio-Rad). 
 Electrophoresis of DNA 
2.6.1. General Agarose gel electrophoresis 
Gels for electrophoresis were prepared using Agarose (PanReach AppliChem, Germany) in 
1X TAE buffer (40 mM Tris base, 20 mM glacial acetic acid, 1 mM EDTA). GelRed nucleic 
acid stain (Biotium Inc., USA) was included in the gels for visualising DNA which was 
loaded after mixing it with 1X DNA loading dye (10 mM Tris-HCl (pH 7.6) 0.03% 
bromophenol blue, 0.03% Xylene cyanol FF, 60% Glycerol and 60 mM EDTA; Thermo 
Fisher, USA) and run at 10 volts/cm alongside a 1 kb plus or 50 bp ladder (NEB, USA) for 
size estimation. The DNA bands were visualized using a Gel Doc™ XR+ Gel 
Documentation System (Bio-Rad, USA). 
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2.6.2. Gel extraction of PCR products 
For Sanger sequencing, PCR products were run on a low percentage (0.8%) agarose gel and 
purified using High Pure PCR Product Purification Kit (Roche, Switzerland) according to 
manufacturer’s instructions. The DNA was eluted into 20 μl Ultra-pure water (Thermo 
Fisher, USA) and stored at -20ºC. 
2.6.3. Sanger sequencing of PCR products 
Purified PCR products were Sanger sequenced using appropriate primers. About 1 ng per 
100 bp of the PCR product was mixed with 3.2 pmol of the forward or reverse primer and 
made up to 5 μl and sent to the University of Otago, Genetic Analysis Service sequencing 
facility. The sequences were mapped to their reference using Geneious bioinformatics 
software platform (Biomatters, New Zealand). The quality of the reads were checked by 
visually analysing the chromatogram peaks. 
 RNA-Seq library preparation and sequencing 
2.7.1. Pre-amplification library preparation (modified from Tantirigama et al., 
2016) 
RNA-Seq libraries were prepared by combining a cDNA library preparation protocol 
(Tantirigama et al., 2016) and the Nextera XT protocol (Illumina, USA). An Oligo mix 
containing 33 ng Oligo d(T) primer (5`CGATTGAGGCCGGTAATACGACTCAC 
TATAGGGTCTTTCCCTACACGACGCTCTTCCGATCTCATCACGCTTTTTTTTTTT
TTTTTTTTTTTN-3`; Integrated DNA Technologies), 4.4 mM dNTPs (Thermo Fisher, 
USA), and 2.5 U RNaseOUT (Thermo Fisher, USA) was mixed with 3 μl pollen lysate and 
denatured at 72ºC and quick chilled at 4ºC. An RT master mix including 0.5 μl PrimeScript 
reverse transcriptase (Takara Bio, USA), 1X PrimeScript reaction buffer, 2.3 mM 
dithiothreitol (DTT), 935 mM Betaine (Sigma Aldrich, USA), and 0.56 μM template switch 
Oligos (TSO) (5`-(biotin)-
AGTGAGCAAGTTCAGCCTGGTTAAGTCAGTGAGArGrGrG-3`; Integrated DNA 
Technologies ) was added to the Oligo mix for cDNA synthesis. The cDNA was PCR pre-
amplified using 1X KAPA HiFi PCR mix (Roche, Switzerland) with ISPCR-primers 
specific to the sequence within the Oligo d(T) (0.5 μM; 5`-
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GGTAATACGACTCACTATAGGGTCT-3`) and the template switch Oligos (TSOs) (0.5 
μM; 3`-AGC AAGTTCAGCCTGGTTAAGT-5`: Integrated DNA Technologies). The PCR 
products were purified using Agencourt AMPure XP magnetic beads (Beckman Coulter, 
USA) and stored at -20ºC. The purified PCR product was quantified using Qubit 2.0 
fluorometer (Thermo Fisher, USA). 1 ng of the purified PCR product was run on an Agilent 
Bioanalyzer to determine its quality. 
2.7.2. Nextera library preparation 
The purified PCR product (500 pg) was fragmented by tagmentation and converted into 
Illumina-compatible sequencing libraries with the Nextera XT DNA sample preparation kit 
and Nextera XT 24-index kit according to manufacturer’s instructions (Illumina, USA). 
 
Nextera sequencing libraries were purified using Agencourt AMPure XP magnetic beads 
(Beckman Coulter, USA) according to Picelli et al., 2014. For this, an aliquot of XP 
magnetic beads stored at 4ºC was thawed at room temperature for 20-30 min. DNA samples 
were resuspended in AMPure XP magnetic beads in 1:1 (volume: volume) (v/v) ratio and 
incubated first at room temperature for 8 min and then on a magnetic plate for 5 min. 
The supernatant was carefully aspirated with a 200 μl pipette and the pellet was washed 
twice with 200 μl 80% (v/v) AR grade ethanol (Lab Supply, New Zealand). The pellet was 
air dried for 20-30 min. DNA was resuspended in 15 μl elution buffer and incubated for 5 
min on the magnetic plate. The supernatant containing the purified library was carefully 
transferred to a fresh tube. 
 
Concentration of cDNA libraries were estimated using a Qubit 2.0 fluorometer (Thermo 
Fisher, USA) and Qubit dsDNA HS (high sensitivity) assay kit (Thermo Fisher, USA) 
designed for double-stranded DNA. 
A dsDNA HS working solution was prepared by mixing dsDNA HS Reagent and dsDNA 
HS Buffer in the ratio 1:200. 10 μl of Qubit Standard 1 and Qubit Standard 2 was added to 
two separate aliquots of 190 μl of dsDNA HS working solution. 2 μl of the cDNA library 
was added to 198 μl of dsDNA HS working solution. Both standard and sample tubes were 
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incubated in dark for 2 min. The standards were first read on the Qubit 2.0 fluorometer to 
generate a standard curve which was then used to estimate the concentration of DNA 
samples. 
 
The average size and quality of DNA libraries were estimated by running the samples on a 
Bioanalyzer (Agilent Technology, USA). Purified cDNA libraries (1 ng) were loaded on a 
High sensitivity DNA chip and run on the Bioanalyzer according to manufacturer’s 
instructions. The quality of the library and its average size was calculated using Bioanalyzer 
2100 Expert Software (v1.0, Agilent Technologies). 
 
Concentration and average length of the library was used to normalise it to 4 nM according 
to the equation: 
 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑀) =  
𝐷𝑁𝐴 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑔 𝜇𝑙⁄ )×1×106
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑖𝑧𝑒 (𝑏𝑝) × 656.4 (𝑔 𝑀⁄ )
 
Freshly prepared 0.2 M NaOH 5 μl was used to denature 4 nM sequencing library (5 μl) by 
incubation at room temperature for 5 min. 10 μl of the denatured DNA was then resuspended 
in 990 μl of chilled HT1 buffer (Illumina Inc.) resulting in a final concentration of 20 
picomolar (pM) denatured library. 
2.7.3. Sequencing of libraries on MiSeq 
MiSeq of DNA libraries were carried out by Dr Robert Day. Reagent cartridges were 
removed from the freezer and thawed in a water bath at room temperature. Cartridges were 
inverted and ensured complete thawing and absence of any air bubbles. The MiSeq system 
was rebooted to and cleaned thrice with 0.5% (v/v) Tween. The flow cell was washed 
thoroughly with ultra-pure water and 100% AR (v/v) Grade Ethanol to remove traces of 
storage buffer. 600 μl of the 20 pM DNA library was loaded into the sample reservoir of the 
MiSeq cartridge and visually inspected to make sure that it is settled at the bottom of the 
well. The reagent cartridge and incorporation buffer were loaded into the MiSeq machine 
and the sequencing run was started. 
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2.7.4. Sequencing of libraries on HiSeq 
HiSeq of DNA libraries was carried out using HiSeq2500 (Illumina, USA) by Otago 
Genomics and Bioinformatics Facility (OGBF). The samples were run on a single lane of 
Illumina HiSeq 2500 1x100bp SE V2 Rapid sequencing kit. The output demultiplexed 
FASTQ data files and FASTQC quality information were accessed via the Otago High-
Capacity Server (HCS) system.  
 Computational analysis of RNA-Seq data 
2.8.1. Quality check and processing of RNA-Seq data 
FASTQ files were downloaded into the desktop and uploaded into the Galaxy server (Afgan 
et al., 2016). FASTQ file reads were trimmed using TrimGalore! (Galaxy tool version 
0.4.3.1) (“Trim Galore! Babraham Bioinformatics”) using default settings. The trimmed 
reads were QC checked using FASTQC (Galaxy tool version 0.72+galaxy1) (Andrews, 
n.d.). FASTQC files from multiple samples were combined with MultiQC (Galaxy tool 
version 1.6) (Ewels et al., 2016). Reads were filtered using Filter FASTQ (Galaxy tool 
version 1.1.1) (Settings- Minimum size = 20, Minimum quality = 20, Quality score = 20).  
2.8.2. Mapping of reads 
The filtered reads were QC checked once again with FASTQC and used for mapping with 
RNA STAR (Dobin et al., 2013) (Galaxy tool version 2.6.0b-1) with default settings. For 
this, TAIR10 fasta file was used as the Arabidopsis ‘reference genome file’ and 
Araport11.GFF3 was used as the ‘Gene model (annotation) file’. The mapped reads were 
filtered with MAPQ Filter (Galaxy tool version 1.8) (Li et al., 2009) (Settings- Minimum 
MAPQ quality score = 255). The reads were quantified to calculate their raw counts using 
FeatureCounts (Galaxy tool version 1.6.3+galaxy2) (Liao et al., 2014) with default settings 
for identifying differentially expressed genes (DEGs). DEGs were identified using DESEq2 
(Galaxy tool version 2.11.40.6) (Love et al., 2014) with default settings. Volcano plots of 
DEGs were generated using Volcano plots (Galaxy tool version 0.0.3) (Cui and Churchill, 
2003). 
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2.8.3. Pollen transcriptomes (including filtering) 
Pollen transcriptomes were generated using the RPM (reads per million reads), RPKM 
(reads per thousand bases per million reads) and TPM count metrics. For transcriptomes 
with RPM and RPKM counts, mapped files in the ‘.bam’ format were downloaded into the 
local desktop from the UseGalaxy server and imported into Seqmonk (Andrews, 2019a) 
with default settings (MAPQ=50). Quality of the reads mapping to Araport11 genes, exons 
and rRNA features were estimated by generating an RNASeqQC plot. Genes were 
quantified using the RNA-Seq quantitation pipeline (Settings- Transcript feature=genes, 
Merge transcript isoforms=Yes, Generate Raw Counts=No, Log transform=No, Apply 
transcript length correction=No (for RPM)/ No (RPKM), Don’t quantitate probes with no 
counts=No, Correct for DNA contamination=Yes, Correct for DNA Duplication=Yes). The 
RPM reads counts were filtered with the Individual probe value filter (Settings- lower 
value=1, upper value =blank, for ‘exactly’ ‘3’ of the four selected data). 
Transcriptome with TPM (Transcripts per million) count metric was generated using 
Sailfish (Galaxy tool version 0.10.1.1) (Patro et al., 2014) with default settings using 
Araport11 Fasta file as the reference transcriptome and Araport11.GFF3 annotation file. 
2.8.4. Discovery of pollen-specific genes 
A non-pollen transcriptome was generated using RNA-Seq data from 64 different tissues 
types belonging to 17 plant organs (Full list in Appendix-1 Table A-7). Tissue-specific 
RNA-Seq data (Klepikova et al., 2016) were transferred from the NCBI Sequence Read 
Archive (SRA) to Galaxy project server in the form of FASTQ files. The data was processed 
with Trim Galore (“Trim Galore! Babraham Bioinformatics”) and filtered with Filter 
FASTQ (Blankenberg et al., 2010) to remove RNA-Seq adaptors and low-quality sequenced 
reads. The expression levels of the processed non-pollen genes were calculated using 
Sailfish (Patro et al., 2014) (Figure 4-2). The gene expression list from each of the 66 tissues 
was merged into a single file (Microsoft, USA) using ‘Join two datasets’ (Galaxy tool 
version 2.1.2) and Column join (Galaxy version tool 0.0.3) and filtered in Microsoft Excel 
to identify genes with no expression (expression <1 TPM) in all the 66 non-pollen tissues. 
Genes without expression in non-pollen tissues were then ‘subtracted’ from pollen genes 
(expression >1 TPM) identified in the developing pollen RNA-Seq (this work) to generate 
a list of pollen-specific genes. 
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2.8.5. Gene ontology analysis 
GO analysis was performed with Panther DB GO tool (Thomas et al., 2003) and DAVID 
(Huang et al., 2009a, 2009b). All default parameters for the analysis including the 
Bonferroni corrected p-value cut off at <0.05 was used Table 2-14. 
Table 2-14: GO analysis parameters 
Parameters Details 
Analysis Type: 
PANTHER Overrepresentation Test (Released 
20190711) 
Annotation Version and Release Date: GO Ontology database Released 2019-10-08 
Analysed List: Client Text Box Input (Arabidopsis thaliana) 
Reference List: Arabidopsis thaliana (all genes in database) 
Test Type: FISHER 
Correction: BONFERRONI 
 Genotyping of DUO4 segregants by dCAPS PCR 
The dCAPS PCR was setup as shown in Table 2-15 and run according to the cycle conditions 
mentioned in Table 2-16. 
Table 2-15: dCAPS PCR reaction setup. 
Components  Volume (μl)  
Platinum Taq Buffer 2 
MgCl2 0.6 
dNTP 0.4 
Forward primer 1 
Reverse primer 1 
Taq Polymerase enzyme 0.2 
Genomic DNA 2 
Water 12.8 
Table 2-16: dCAPS PCR cycling condition. 
Step Temperature (°C) Time 
Initial denaturation 94 2 min 
PCR cycles 
(35) 
Denature 94 30 s 
Anneal 55 30 s 
Extend 72 1 min/kb 
Hold  4 ∞ 
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The PCR products were purified, and a half (10 μl) was run on a 2% agarose gel to visually 
confirm the amplification. PCR products were digested with the enzyme Nhe I as shown in 
Table 2-17. The reaction mix was incubated at 37°C for 2 h. 
Table 2-17: dCAPS PCR product digestion setup. 
Components Volume Final concentration 
10X Buffer 2.1 2 1X final 
DNA 10 NA  
Nhe I (10 U/μl) 0.5 5U/reaction 
Water 7.5 NA 
 
Following incubation, the entire reaction volume was run on a 4% agarose gel for visualizing 
the digested products. duo4 mutant DNA carry an Nhe I restriction site that is cleaved to 
generate two fragment in the mutant samples while the WT samples contain only one. 
 DUO4 amplicon sequencing library design 
To sequence the +1931 bp SNP carrying region of DUO4, an Illumina MiSeq-compatible 
DNA library was generated using two PCR reactions. The region of interest is first amplified 
by an ‘amplicon PCR’ using primers that carry a specific sequence and an 18 bp non-specific 
sequence. While the specific sequence hybridised to bases around the +1931 SNP, the non-
specific sequence was designed to hybridise with primers of the second PCR. The primer 
pairs were designed to amplify less than 500 bp to conform to the MiSeq reagent kit 
capabilities. The second PCR called ‘adaptor PCR’ used primers (borrowed from Dr Robert 
day) designed to carry unique index sequences that bind to an Illumina flow cell and to 
Illumina MiSeq extension primers. A unique combination of index primers were used to 
amplify each sample. 
2.10.1. Amplicon PCR 
Amplicon PCR of target gene regions (+1931 bp SNP carrying region of DUO4) was 
performed according to the following reaction set up (Table 2-18). 
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Table 2-18: DUO4 Amplicon PCR reaction setup 
Components Volumes (μl) Final concentration 
10X Platinum Taq HF Buffer 2.5 1X 
MgSO4 (50 mM) 1 2 mM 
dNTP mix (10 mM) 0.5 0.2 mM each 
Forward Primer (10 μM) 0.5 0.2 mM each 
Reverse Primer (10 μM) 0.5 0.2 mM each 
Platinum Taq HF Pol (5 U/μl) 0.1  
Pollen cDNA 3 1 U 
Water Up to 25  
 
The reaction was incubated under the following cycling conditions (Table 2-19). 
Table 2-19: DUO4 amplicon PCR cycling conditions.  
Step Temperature (°C) Time 
Initial denaturation 94 2 min 
6 cycles 
Denature 94 15 s 
Anneal 60 to 54 30 s 
Extend 68 30 s 
40 cycles 
Denature 94 15 s 
Anneal 54  30 s 
Extend 68 30 s 
1 cycle Extend 68 10 min 
Hold  4 ∞ 
 
The PCR products were purified using a PCR purification kit (Zymo Research) and eluted 
into 15 μl Ultra-pure water. About 10 μl of the purified PCR product was run on a 2% 
agarose gel to check for successful amplification and absence of non-specific amplification. 
2.10.2. Adaptor PCR and sequencing 
About 5 μl of the purified PCR product was used as the template to perform another round 
of adaptor PCR according to the reaction set up with barcoded forward and reverse primers 
(Table 2-20) (For primer sequence see Appendix-1 Table A-5). 
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Table 2-20: Adaptor PCR DUO4 reaction setup. 
Components Volumes (μl) Final concentration 
10X Platinum Taq HF Buffer 2.5 1X 
MgSO4 (50 mM) 1 2 mM 
dNTP mix (10 mM) 0.5 0.2 mM each 
Forward barcoded primer (10 μM) 0.5 0.2 mM each 
Reverse barcoded primer (10 μM) 0.5 0.2 mM each 
Platinum Taq HF Pol (5 U/μl) 0.1  
PCR template 5 1 U 
Water Up to 25  
 
The reaction was incubated in a thermal cycler according to cycling parameters as mentioned 
in Table 2-21. 
Table 2-21: DUO4 adaptor PCR cycling conditions. 
Step Temperature (°C) Time 
Initial denaturation 94 2 min 
10 cycles 
Denature 94 15 s 
Anneal 58  30 s 
Extend 68 30 s 
1 cycle Extend 68 10 min 
Hold  4 ∞ 
 
The PCR products were run on a 2% agarose gel to confirm the amplification and verify the 
sizes. About 5 μl of the PCR product from different samples were pooled and purified using 
a PCR purification kit (Zymo Research) according to manufacturer’s instructions. The 
library concentration was estimated using a Qubit fluorometer and its average size was 
estimated using an Agilent 2100 Bioanalyzer (Agilent Technologies). The two parameters 
were used to prepare a 4 nM and 20 pM sample that was then run (by Dr Robert Day) on a 
MiSeq sequencer as explained above (Section 2.7.2.4). 
2.10.3. Amplicon sequencing data analysis  
Amplicon sequencing data was received in the form of FASTQ files that were uploaded into 
the gene analysis software Geneious. The reads were mapped to the Nossen-0 ecotype 
reference gene sequence (CCS52A1/FZR2/DUO4/At4g22910) downloaded from ‘1001 
Genomes’ project database. The number of forward and reverse reads that mapped to the 
reference gene at position +1931 were transferred to an excel sheet and the proportion of 
‘A’ and ‘G’ bases that occupy this position was calculated. 
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 Chapter 3 : Development of a novel method to isolate pure 
and homogeneous developing pollen 
 Introduction 
Pollen is the male gametophyte (haploid generation) of flowering plants. It develops inside 
floral organs called anthers and is an ideal model system to study plant cell cycle, cell fate 
determination and asymmetric cell division (Figure 3-1). Isolation of pure and homogenous 
developing pollen samples is necessary to investigate the dynamics of global gene 
expression controlling these processes (Berger and Twell, 2011). Here, ‘pure’ refers to the 
likely absence of diploid sporophytic cells and their transcripts (mRNAs) whereas 
‘homogeneous’ implies that the pollen samples belong to a specific stage or a narrow 
developmental window (stage-specific pollen). 
 
Figure 3-1: An Arabidopsis flower has four medial and two lateral anthers. 
An open Arabidopsis flower showing two of the four medial anthers (white arrows) and one of 
the two lateral anthers (black arrow). Mature pollen (yellow) can be seen attached to the anthers 
and the female stigma (red arrow). The four petals are in white and the sepals are coloured green. 
(Credits- Jurgen Berger, MPI for Developmental Biology, Germany).  
Isolation of pure and homogeneous developing pollen from a specific stage has been difficult 
compared to the isolation of mature pollen or other plant cells due to many limitations that 
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prevents its bulk isolation without losing its homogeneity. These include 1) its inaccessible 
location within tiny anthers inside buds (unopened flowers), 2) the limited number of pollen 
produced in a single anther, 3) presence of a tough pollen wall that prevents easy access to 
its molecular contents and 4) asynchronous development of pollen within flowers of the 
same plant. These challenges have prevented the development of reliable protocols for 
isolating pure and homogenous pollen and have hampered efforts to investigate the 
dynamics of pollen gene expression (Figure 1-8). 
Attempts have been made in the past to isolate pure and homogeneous pollen. For example, 
Honys and Twell (2004) used density-gradient centrifugation to prepare developing pollen 
samples to generate a MA-based transcriptome of developing pollen that involved bulk-
isolation of developing pollen from multiple plants followed by nylon-filtration and density-
separation on percoll gradient. However, the method was limited in its ability to generate 
homogeneous pollen and could not separate chronologically contiguous developmental 
stages due to their overlapping densities. Consequently, the MA-based transcriptome of 
developing pollen was generated using a single uninucleate microspore (UNM) sample that 
contained 5% non-target tetrad and BCP, BCP sample that contained 3.5% tetrads, 7.5% 
TCP and 12.5% UNM and, TCP sample that contained 12% BCP suggesting considerable 
heterogeneity (Honys and Twell, 2004). 
The density-gradient centrifugation method processes pollen samples for at least 30 min (for 
centrifugation alone; additional time for sample collection and filtration) and exposes it to 
low temperatures (4ºC), both of which may create unknown gene expression artefacts. The 
density-gradient method also imposes excess burden on precious growth room space and 
laboratory resources due to its need for bulk amounts of pollen from hundreds of plants 
making it unsuitable for large-scale studies, such as comparative transcriptomics of 
developing pollen from multiple ecotypes exposed to various treatment conditions such as 
temperature and drought. A modified version of this method published recently continued 
to produce heterogeneous pollen was unable to separate the two contiguous sages of 
polarised and non-polarised microspores and required up to 6 h of processing time 
(Dupl’áková et al., 2016). 
In another attempt, Itoh et al. (2005) harvested developing pollen from a single anther and 
used bud length to estimate its broad developmental stage. The method involved the 
sequential separation of buds according to their position on the inflorescence (bud clusters) 
and their arrangement on a glass slide (Smyth et al., 1990) followed by removal of a single 
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anther and harvest of its pollen for microscopic analysis (Brownfield et al., 2009a, 2009b; 
Twell and Brownfield, 2017). However, the specific developmental stage of the isolated 
pollen could not be established accurately by this method. 
We, therefore, decided to generate a homogeneous pollen sample by directly isolating 
developing pollen from a single anther or bud since pollen in an anther (or bud) belong to a 
narrow developmental window. This strategy allowed us to skip post-harvest stage-
separation steps (such as density-gradient centrifugation) that are both technically 
challenging and ineffective in preventing cross stage contamination. I named the method 
‘Low-input Developing Pollen’ (LiDP) method since the number of pollen harvested from 
an anther (50-100 pollen) or a bud (200-400 pollen) is intermediate to the single-cell and 
bulk-isolated samples. 
Apart from isolating pollen from a narrow developmental window, the LiDP method allows 
the isolation of chronologically contiguous stages of developing pollen which was not 
possible before. For example, the method allows isolation of early, mid, and late stages of 
UNM, BCP and TCP that enables targeted analysis of unique and transient processes such 
as microspore polarization, pollen mitosis I (PM I) and pollen mitosis II (PM II) in a precise 
manner. LiDP isolation method lowers the risk of producing pollen gene expression artefacts 
since it processes the harvested pollen in less than 10 min at room temperature. Further, the 
method dramatically reduces the amount of pollen required for transcriptomic analysis. For 
example, LiDP isolation generates a developing pollen transcriptome (with four biological 
replicates) from four plants whereas the currently available developing pollen transcriptome 
(single biological replicate) required the density-gradient centrifugation of pollen harvested 
from 400 plants. 
The primary aim of the work in this chapter is to develop and test a novel method to isolate 
pure and homogeneous developing pollen sample. A graphical overview of the method is 
shown in Figure 3-2. The second primary aim of the work described in this chapter is to 
develop and test a non-destructive pollen lysis method that does not affect the integrity of 
its molecular contents (esp. RNA) and the third aim of the work in this chapter is to test if 
the lysed pollen extracts can be directly used for gene expression assays such as RT-qPCR 
and RNA-Seq. I used this method to generate the first PUNM transcriptome (in addition to 
UNM, BCP and TCP) in Chapter 4 and to investigate a pollen development mutant in 
Chapter 5.  
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Figure 3-2: Graphical representation of the steps involved in the LiDP method.  
The LiDP isolation method developed to isolate pure and homogeneous pollen from a single 
anther or a bud involved the isolation of a selected bud from an inflorescence of a healthy 
Arabidopsis plant. A medial (long) anther is removed from the bud and cut (nicked) with the 
sharp edge of a hypodermic needle to release its pollen. One-half of the pollen is washed to 
remove sporophytic contaminants and stored at -80ºC. The rest of the pollen and the anther is 
fixed in an alcohol-based fixative for stage determination. The fixed anther with the pollen is 
removed from the fixative, briefly washed with water, and stained with DAPI and observed under 
a fluorescent microscope to establish its developmental stage. (Credits- B. Carlisle, Biochemistry 
Dept., University of Otago). 
Lyse the pollen 
in 3.5 µl MMNO
Cut anther(s) open 
to release pollen 
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 Results 
3.2.1. Development of LiDP isolation method 
 
To develop the novel LiDP isolation method for isolating pure and homogeneous pollen, 
developing pollen was isolated from an anther or a bud of a healthy Arabidopsis plant. A 
well-developed inflorescence was removed from a healthy Arabidopsis plant and placed on 
a clean glass slide in contact with a drop of water (Figure 3-3). The buds were sequentially 
removed in an anti-clockwise manner using a pair of forceps and placed on a clean glass 
slide in contact with water. Since the developmental stage of Arabidopsis pollen is broadly 
determined by the position of its bud on the inflorescence, the most mature bud was removed 
and labelled ‘-1’ followed by the second most mature bud which was labelled ‘-2’ until buds 
up to stage -14 were isolated and labelled. Arabidopsis buds broadly contained tetrads in 
buds between-14 and -11 stages, UNM in buds between -12 and -9 stages, PUNM in buds 






Figure 3-3: The position of an Arabidopsis bud broadly determines the developmental stage of 
its pollen. 
Arabidopsis buds were isolated from healthy plants based on their position on the inflorescence 
stem. (A) Side-view of Arabidopsis inflorescence with two open flowers and several closed 
buds with the most mature bud located at the bottom of the inflorescence. (B) Top-view of 
Arabidopsis buds labelled based on their position on the inflorescence with the most mature 
closed bud labelled -1, the next most mature bud labelled -2 and so forth. (C), the buds were 
then separated from the inflorescence and arranged on a clean glass slide. The order in which 
the buds were placed (from most mature to least mature) on the slide reflects the order in which 
the buds are removed from an Arabidopsis inflorescence. 
Arabidopsis buds contain six anthers, of which four long anthers are called medial or 
superior, and two short anthers are called lateral or inferior (Figure 3-1) (Smyth et al., 1990). 
A medial anther contains 200-400 developing pollen that are developmentally at a more 
advanced stage than the pollen in the two lateral anthers. A medial anther was carefully 
dissected from a bud and nicked with a sharp needle to release one-half of its pollen into a 
drop of 0.3 M mannitol solution (Figure 3-1) to maintain optimal osmolarity and prevent the 
pollen from rupturing and losing its cell contents (Brownfield et al., 2009a) and was 
transferred to a fresh tube. To determine its developmental stage, the nicked anther with rest 
of the pollen was fixed with Farmer’s fixative (Section 3.2.1.3). 
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Non-pollen anther mRNAs are likely to contaminate harvested LiDP samples either during 
the physical rupture of anther cells during pollen isolation or from the locular fluid that 
surrounds the developing pollen inside the anther and must be removed to eliminate potential 
molecular artefacts from anther cells. For this, I designed a simple washing procedure that 
involved centrifugation of the LiDP samples thrice with fresh mannitol. To test the efficacy 
of the washing step, fresh LiDP samples from -9, -6, and -3 stage anthers (broadly 
representing UNM, BCP and TCP stages) was harvested separately into 0.3 M mannitol. 
One-half of the pollen suspension was centrifuged once, and its supernatant was transferred 
to a fresh tube labelled ‘pre-wash’. The second half of the pollen suspension was washed 
thrice using fresh 0.3 M mannitol, and the supernatant was transferred to a fresh PCR tube 
labelled ‘post-wash’ after the third wash. Finally, both pre-wash and post-wash supernatants 
were used as templates to amplify the anther-specific gene LTP12 by RT-PCR and RT-
qPCR (Figure 3-4) (See Appendix-1 Table A-5 for primer sequence). LTP12 (At3g51590) 
is a member of the Lipid Transfer Protein family expressed abundantly in mature tapetal 
cells (cells that line the inner walls of the anther) during the UNM and BCP stages to 
facilitate the transfer of lipids from the tapetum to the developing microspore for pollen wall 
formation (Rubinelli et al., 1998; Arondel et al., 2000; Ariizumi et al., 2002; Mattioli et al., 
2018). Even though LTP12 expression is known to decrease with tapetal degradation during 
pollen development, I argued that if the washing step is successful in removing anther 
transcripts from early pollen stages (when LTP12 expression is the highest), it should be 
able to remove any contaminating anther transcripts from more mature stages when their 





Figure 3-4: Washing isolated pollen using mannitol removes sporophytic contaminants.  
LiDP isolated from -3 (TCP), -6 (BCP) and -9 (UNM) stage buds were divided into two 
halves. One-half of the LiDP sample was centrifuged once with 0.3 M mannitol, and its 
supernatant was collected and labelled pre-wash while the second half was centrifuged 
thrice with 0.3 M mannitol and its supernatant collected following a fourth wash. The 
supernatant was transferred to a fresh PCR tube and labelled ‘post-wash’. The pre- and 
post-wash supernatants were used as templates to detect the tapetum-specific gene, LTP12 
by (A) RT-PCR and (B) RT-qPCR. No amplification was detected for any sample in a 
No-RT control. 
Results showed the presence of LTP12 in the pre-wash supernatants at all three stages, 
suggesting anther mRNA presence in isolated LiDP samples (Figure 3-4). LTP12 band 
intensity was the highest in the -9 (UNM) stage, moderate at -6 (BCP) pollen and weakest 
at -3 (TCP) consistent with its known expression in progressively degrading anther tapetal 
cells (Ariizumi et al., 2002). Results also showed the absence of LTP12 in the ‘post-wash’ 
supernatant, which suggests successful removal of contaminating anther mRNAs by the 
washing step. LTP12 expression was detected in the pre-wash supernatants but not in the 
post-wash supernatants in RT-qPCR of LTP12, corroborating the RT-PCR results (Figure 
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3-4, C). Overall, these results show the absence of anther transcripts in washed LiDP 
samples which suggests that washing with 0.3 M mannitol removes anther mRNAs to 
produces pure LiDP samples. 
 
To develop the novel method to isolate pure and homogeneous pollen, I stained developing 
pollen with the DNA-binding dye DAPI (4’-6-Diamidino-2-phenylindole) and observed it 
under a fluorescent microscope (Chazotte, 2011) to establish their developmental stage. 
Accordingly, I characterised LiDP from stages -12 to -9 with a single central nucleus as 
UNM (Figure 3-5), stages -9 to -7 with a single polarised nucleus adjacent to the pollen wall 
as PUNM, stages -7 to -4 with a faintly stained vegetative nucleus (red arrows) and brightly 
stained GC nuclei (white arrow) as BCP and stages -4 to -1 with a single faint vegetative 
nucleus and two brightly stained SCs (green arrows) as TCP. Overall, these results 
demonstrate the ability of DAPI-staining-based method to determine the specific 
developmental stage of LiDP sample for isolating pure and homogeneous developing pollen 





Figure 3-5: Representative image of DAPI-stained developing pollen.  
LiDP samples isolated from a single anther or bud were stained with DAPI and observed under a 
fluorescent microscope. The developmental stages of these samples were established based on their 
nuclear morphology as follows-Pollen with a single central nucleus was categorized as UNM (A), 
pollen with single polarized nucleus was categorized as PUNM (B), pollen with a single bright germ 
cell (white arrow) and a faint vegetative nucleus (red arrow) was categorized as BCP (C), and pollen 
with two bright SC nuclei (green arrows) and a faint vegetative nucleus was categorized as TCP, 
(D). Scale bar = 20 µm. 
3.2.2. LiDP wall lysis necessary to access pollen RNA 
To develop the novel method to isolate pure and homogeneous pollen, it is necessary to 
access the LiDP pollen RNA with no or minimal damage. Unlike normal plant cell walls 
that are made of cellulose, pollen walls are tougher due to the presence of a chemical called 
sporopollenin (Ariizumi and Toriyama, 2011). I decided to use MMNO (4-methyl 
morpholino-N-oxide monohydrate) to chemically lyse the wall of developing pollen after 
considering several lysis methods including mechanical grinding, enzymatic degradation, 
and osmotic lysis, due to its quick lytic action and its molecular inertness. MMNO ruptures 
lily pollen walls to release its sporoplast (pollen protoplast) in less than 10 min (Loewus et 
al., 1985). However, the method involved heating pollen at temperatures between 75ºC and 
120ºC that can potentially degrade pollen RNA since the 2`-OH on its ribose sugar 
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spontaneously attacks the bridging phosphate at high temperatures. We, therefore, decided 
to identify suitable lysis condition (or treatment) for maximum MMNO-mediated lysis of 
LiDP. 
 
To streamline the development of suitable pollen lysis conditions, I designed a ‘pollen lysis 
assay’ and used it to incubate three -1 stage LiDP samples in MMNO at three different 
concentrations (2 M, 4 M, and 6 M), for four different incubation periods (2.5 min, 5 min, 
7.5 min and 10 min) and at two different temperatures (70ºC and 75ºC). The incubated 
samples were placed under a brightfield microscope to count the number of lysed 
(characterised by ruptured walls and protruding sporoplast) and intact pollen (Figure 3-6) 
and used it to calculate the percentage of lysed pollen under different conditions. I used 
Arabidopsis pollen from -1 stage as a representative stage since any conditions found 




Figure 3-6: Suitable pollen lysis conditions were identified using the ‘pollen lysis assay’. 
Pollen belonging to -1 stage bud was incubated under varying conditions and observed using a 
brightfield microscope. (A) Lysed pollen with visible sporoblasts was considered lysed (black 
arrows) while intact pollen was considered non-lysed (red arrow). Scale bar=20μm. (B) stage -1 
pollen in triplicates (each replicate represented by a bar) was incubated with different MMNO 
concentrations (2 M, 4 M and 6 M) at 75ºC for 10 min, (C) with 4 M MMNO at 75ºC for different 
periods (2.5 min, 5 min, 7.5 min and 10 min) and (D) under 4 M MMNO for 10 min at different 
temperatures (70ºC and 75ºC). 
To determine the suitable MMNO concentration for maximum pollen lysis, I performed the 
pollen lysis assay on -1 stage pollen with 2 M, 4 M, and 6 M MMNO at 75°C for 10 min 
using previous reports on incubation time and temperature as broad indicators (Loewus et 
al., 1985). About 10%, 90% and 60% of all pollen lysed upon incubation in MMNO at 2 M, 
4 M and 6 M, respectively (Figure 3-6) which suggests maximum lysis in 4 M MMNO. 
Interestingly, the results also show possible non-linear interaction between MMNO 
concentration and pollen lysis since a smaller number of pollen lysed in MMNO at 6 M 
compared to 4 M. 
To determine the suitable incubation period for maximum pollen lysis, I performed the 
pollen lysis assay with 4 M MMNO for 2.5 min, 5 min, 7.5 min and 10 min at 75°C. About 
90%, 40% and 10% of all pollen underwent lysis upon incubation for 10 min, 7.5 min and 


















































































period. Finally, to determine the suitable temperature for maximum pollen lysis, I performed 
pollen lysis assay on -1 stage pollen in 4 M MMNO for 2.5 min at 70ºC and 75ºC. About 
85% and 20% of all pollen underwent lysis at 75ºC and 70ºC, respectively suggesting 
maximum lysis upon incubation at 75ºC. Overall, I identified 4 M MMNO, 10 min and 75ºC 
as suitable ‘pollen lysis condition’ for with an approximate pollen lysis efficiency of 85%-
95%. 
 
To test if pollen lysis condition degrades RNA, I incubated four Arabidopsis leaf RNA 
samples in pollen lysis conditions and tested its effect on RNA quality using a BioAnalyzer. 
I used leaf RNA to avoid challenges associated with isolation of bulk pollen RNA and the 
apparent irrelevance of the source tissue. A Bioanalyzer estimates RNA quality using a 
sophisticated ‘adaptive learning’ system that determines the degree of degradation along the 
entire trace of RNA to generate an RNA Integrity Number (RIN) ranging from 0 to 10 where 
a RIN of 0 represents a thoroughly degraded RNA, and 10 represents a fully intact RNA 
(Schroeder et al., 2006). The result from this experiment showed a reduction in RIN from 
~9 to ~7.8 upon incubation in pollen lysis conditions (Figure 3-7) suggesting mild 
degradation of RNA during pollen lysis. Since the minimum recommended RIN for RNA-




Figure 3-7: Impact of pollen lysis treatment (condition) on total RNA. 
Total RNA was isolated from four Arabidopsis leaf samples (represented by the four colours) and 
was subjected to pollen lysis condition. The treated RNA sample was run on a Bioanalyzer and 
their RIN values were calculated which was then plotted. 
Overall, the results in this section demonstrate the successful development of a method to 
isolate and lyse pure and homogeneous LiDP. A newly designed washing step ensured 
sample purity that was verified by testing for the presence of tapetal-specific LTP12 mRNA 
using RT-PCR and RT-qPCR. Microscopic analysis of LiDP following DAPI-staining 
allowed the determination of precise developmental stage. MMNO-mediated lysis of LiDP 
allowed access to pollen RNA for downstream molecular assays.  I proceeded to use the 
pollen lysis method to prepare samples for molecular analysis. 
3.2.3. Low-input developing pollen RT-qPCR 
 
Total RNA isolated from bulk-harvested tissues is typically purified and DNase-treated 
before cDNA synthesis for RT-qPCR to remove contaminating proteins, genomic DNA, and 
miscellaneous cellular debris. To test if LiDP can be similarly purified, I proceeded to use 
this pollen lysis method to prepare samples for molecular analysis using RNAqueous Micro 































recover pollen RNA (data not shown) likely due to the inadequate number of source cells 
(50-400 pollen). We, therefore, decided to skip both the RNA purification and DNase-
treatment steps and chose to directly use the MMNO-lysed pollen extract for downstream 
molecular analysis such as RT-qPCR and RNA-Seq (similar to single-cell RNA-Seq). 
However, using a pollen lysate that contains genomic DNA, potential inhibitors such as 
MMNO and pollen cell wall components (such as pectin polysaccharides) directly for 
molecular analysis may affect the efficiency of molecular reactions and assays such as 
reverse transcription, RT-PCR and RNA-Seq. We, therefore, decided to study the impact of 
MMNO and pollen lysate on RT-qPCR and RNA-Seq. 
 
Potential pollen contaminants can affect the accuracy and sensitivity of RT-qPCR by 
interfering with its many steps such as reverse transcription, PCR amplification, 
fluorescence signal generation and acquisition (Higuchi et al., 1992; Heid et al., 1996; Die 
and Román, 2012). Calculation of amplification efficiency value (E-value), defined as the 
rate at which a PCR generates its product, enables estimation of the impact of potential 
contaminants on RT-qPCR. E-value is calculated by plotting a standard curve of Ct values 
of serially diluted templates against the logarithmic value of input template amounts. Ct 
refers to the RT-qPCR cycle number at which the fluorescence intensity of the sample rises 
above the background fluorescence levels. An E-value of 2 suggests a perfect amplification 
reaction, although values between 1.8-2.2 (90-110%) are considered acceptable. An E-value 
of less than 1.8 suggests sub-optimal reaction conditions and a value above 2.2 suggests the 
presence of contaminating inhibitors in the reaction. The coefficient of correlation (R2) is a 
measure of how well the data fit the regression line and is a measure of variability between 
the technical replicates. R2 values must be above 0.98 for the slope to be reliable. 
 
To test if the lysed pollen extracts can be used directly for gene expression assays such as 
RT-qPCR, I assessed the impact of pollen contaminants on RT-qPCR using four genes 
enriched in both pollen and seedlings (Table 3-1). Using genes enriched in both tissues 
allowed the generation of standard curves from seedling cDNA (that can be easily prepared 
in bulk) and its use as a reference primer in pollen cDNA, simultaneously. TONB was 
selected based on its broadly consistent expression across the three developing pollen stages 
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(Honys and Twell, 2004) whereas PP2A, Clathrin and HTR5 were selected based on 
previous reports (Czechowski et al., 2005; Borg et al., 2014; Wang et al., 2014) (Table 3-1). 
Since LiDP RT-qPCR is performed in the presence of genomic DNA and MMNO, I took 
extra care in designing primers with high cDNA-specificity. Primers were designed to 
amplify 50-150 bp products; to avoid genomic DNA amplification, their reverse primers 
were designed to span an intron and hybridize to less than eight bases on the second exon 
(Figure 3-8) 4). All primer pairs were tested for amplification on No-RT (genomic DNA) 
controls, and only those that amplified with an E-value between 0.9 to 1.1 (or 1.8 to 2.2) 
were selected for downstream analysis. Finally, the products of the selected primers were 
Sanger-sequenced to verify their authenticity/specificity of amplification. 
 
Figure 3-8: General design of an RT-qPCR primer used in this work. 
RT-qPCR primers were designed to span introns such that minimum number of its bases hybridised 
to the second exon. In the above diagram, bases 5`-GAC-3` anneal to the second exon which reduces 
the possibility of non-specific hybridisation of the primer to the second exon at 5`-GTC-3`. 
 
To study the effect of MMNO and pollen lysate contaminants on RT-qPCRs, four primers 
(Appendix-1 Table A-5) were first used to calculate their E-values (Table 3-1). For this, 
total RNA from young Arabidopsis seedlings was DNase-treated and amplified by RT-PCR 
using the four primers. The RT-PCR products were purified and serially-diluted into eight 
input concentrations hereafter called dilution factors (DF). Ct values from RT-qPCR of DFs 
(in triplicates) were plotted against the log10 (DF) to generate a standard curve used to 
calculate the E-value (Table 3-1). 
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Table 3-1: E-value and other details of candidate RT-qPCR primers. 






No. of bases on 
second exon 
TONB At1g72020 118 2.08 Yes 3bp 
PP2A At1g13320 61 2.01 Yes 8bp 
CLATHRIN At5g46630 61 2.10 Yes 3bp 
HTR5 At4g40040 90 1.91 Yes 5bp 
 
Table 3-2: E-value of RT-qPCRs in the presence of MMNO and pollen lysate at multiple concentrations. 
Primer & conditions Control 133 mM 33.25 mM 13.3 mM 
TONB with MMNO (R2) 2.05 (0.99) 2.17 (0.98) 2.03 (0.99) 2.06 (0.99) 
PP2A with MMNO (R2) 1.99 (0.99) 1.88 (0.90) 2.03 (0.99) 1.90 (0.84) 
TONB with Pollen lysate (R2) 2.08 (0.99) 2.04 (0.99) 2.12(0.99) 2.05 (0.99) 






Results showed that the E-value of all four primers ranged between 1.8 to 2.2 suggesting high 
efficiency for all of them. Analysis of melting peaks revealed a largely predominant single peak 
in TONB and PP2A indicating a single primary product but multiple peaks in CLATHRIN and 
HTR5, which suggested the presence of multiple non-specific products (Appendix-1 Figure 
A-2). TONB and PP2A amplification products were therefore further verified by Sanger 
sequencing and selected as the suitable primers to study the impact of MMNO and pollen lysate 
on RT-qPCR amplification. 
 
I calculated TONB and PP2A E-value in the presence of MMNO at 133 mM, 53.2 mM, and 
13.3 mM and 0 M to test its impact on RT-qPCR amplification (Table 3-2). These four 
concentrations correspond to four possible final MMNO concentration in a LiDP RT-qPCR 
(Figure 3-9). Results from this experiment suggest no effect of MMNO on TONB and PP2A E-
value. 
  
Figure 3-9: Impact of MMNO and pollen lysate on the E-value of TONB primer. 
Standard curves were generated using the TONB reference primer in the presence of (A) MMNO 
at four different concentrations- 133 mM, 53.2 mM, 13.3 mM and 0 mM and (B) pollen lysates at 
three different volumes- 1 μl, 0.25 μl and 0.1 μl. Amplification efficiencies of TONB revealed the 
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I calculated TONB and PP2A E-value in the presence of 1 μl, 0.25 μl and 0.1 μl pollen lysate 
to test their impact on RT-qPCR amplification (Table 3-2). The three volumes selected for this 
study correspond to three final pollen lysate volume in a LiDP RT-qPCR (Figure 3-9). Results 
from this experiment suggest negligible to no effect of pollen lysate on TONB and PP2A E-
value. I therefore decided to use both as LiDP reference primers.  
 
 
To validate the negligible impact of pollen lysate on RT-qPCR E-value, I checked if the relative 
expression of a subset of pollen-enriched genes can be reliably estimated by directly using the 
pollen lysate for RT-qPCR (Table 3-3). 
Table 3-3: List of pollen-enriched genes with known expression patterns selected to study LiDP gene 
expression. 
‘Expression’ refers to the stage at which a gene is expressed whereas ‘Cell type’ refers to the location 
of the gene’s expression as reported previously. References to reports are mentioned in the ‘Source’ 
column. Germline refers to the male germline cells such as the GC or the SC. 
Gene Expression Method Source Cell type  
reported to be 
expressed 
TONB/At1g72020 Constitutive MA Honys and Twell, 2004 NA 
PP2A/At1g13320 Constitutive MA Honys and Twell, 2004 NA 
HTR10/AT1G19890 BCP and later Promoter:GFP Brownfield, 2009 Germline 
TIP5/AT3G47440 BCP and later Promoter:GFP Borg et al, 2011 Germline 
VCK/AT2G24370 BCP and later Promoter:GFP Grant-Downton, 2013 VC 
CSLD4/At4G38190 TCP Promoter:GUS Wang, 2011 VC 
CSLD1/At2G33100 TCP Promoter:GUS Wang, 2011 VC 
MSP2/At5G46795 UNM/BCP/TCP Promoter:GUS Honys, 2006 Microspore/VC 
 
Since the LiDP RT-qPCR is performed on pollen lysate containing gDNA, I ensured that the 
primers are cDNA-specific by either custom-designing them or by selecting them from 
published sources (Table 3-3) followed by stringent QC as explained before (Section 3.2.3.2.1) 
and finally calculating their E-value (Table 3-4). Results from this exercise revealed acceptable 
E-value (1.8-2.2) for virtually all the genes. Their dynamic ranges were determined from Ct 
values and are defined as the range of input template concentrations at which the E-value of a 
primer pair is close to 2 (1.8-2.2) and linearity (R2) of its standard curve is close to 1. Primers 
with Ct values outside their expected dynamic range were considered inefficient and therefore, 











No of bases 




TONB/At1g72020 118 Yes 3bp 15.00- 34.56 2.02 
PP2A/At1g13320 61 Yes 8bp 16.42-34.60 1.98 
HTR10/AT1G19890 150 Yes 8bp 11.70- 32.32 2.05 
TIP5/AT3G47440 60 Yes 12bp 12.87- 30.81 1.98 
VCK/AT2G24370 73 Yes 6bp 13.10- 30.92 1.96 
CSLD4/At4G38190 I 177 Yes 9bp 15.77- 30.19 1.85 
CSLD1/At2G33100 171 Yes 8bp 9.45- 32.21 2.01 
CSLD1/At2G33100 140 Yes 12bp 9.45- 33.52 1.96 
MSP2/At5G46795 I 101 Yes 4bp 9.23- 32.38 2 
 
Absolute Ct of TONB and PP2A were established by RT-qPCR of LiDP from four different 
stages (Table 3-5). The results from this exercise showed that the Ct of TONB and PP2A 
amplifications are within their dynamic ranges but still too high (late) for reliable use as a 
reference. 
Table 3-5 Absolute Ct values of TONB and PP2A in RT-qPCR of LiDP from a single anther. 





  Replicate A 27.89 31.17 27.99 29.92 
Replicate B 28.69 29.19 28.2 31.68 
Replicate C 31.01 27.15 27.75 36.96 





  Replicate A 30.02 32.49 29.75 31.8 
Replicate B 29.97 30.79 29.39 34.16 
Replicate C 33.2 29.23 29.85 34.84 
Replicate D 30.43 34.3 33.08 31.05 
 
We, therefore, attempted to lower the reference Ct value of LiDP RT-qPCR by doubling the 
cDNA template volume but this did not produce any visible reduction in Ct value (data not 
shown). We, therefore, decided to increase the amount of source sample by isolating LiDP from 
more than one anther of the same bud. 
 
I hypothesised that the isolation of LiDP from a single bud instead of a single anther could 
lower the Ct value of LiDP RT-qPCR. However, it was not clear if pollen homogeneity within 
an anther extended to all pollen from a bud. (Zhang et al., 2002; Borg et al., 2014; Carrizo 






We, therefore, decided to examine if pollen from a bud is developmentally synchronised. For 
this, I isolated LiDP from four medial anthers of buds from -1 to -11 stages, fixed and staged 
them to count the number of pollen belonging to a specific stage and recorded in percentages 
(Table 3-6). 
Table 3-6: Percentage of homogeneous pollen in the four medial anthers of Arabidopsis bud.  
Pollen was isolated from four medial anthers of buds from stage- 1 to -11, stained with DAPI and 
observed under a fluorescent microscope to determine its developmental stage based on morphology. 
The number of pollen belonging to a specific stage was counted and its homogeneity was calculated in 
percentages as shown in each cell. The stage number and stage name is mentioned in the first and last 
column. The colours indicate the degree of homogeneity with red indicating low homogeneity and blue 
indicating high homogeneity. 
 
Results from this analysis show synchronous morphological development in pollen from all 
four anthers of a bud. Synchrony at a morphological level was observed at all stages except in 
-7 and -3 sages where pollen undergo PM I and PM II. Overall, these results suggests broad 
morphological homogeneity of pollen isolated from four anthers in majority of the stages. 
Based on these results, I decided to harvest developing pollen from three anthers of a bud to 
lower the Ct values of LiDP RT-qPCR and to use pollen from the third anther for staging. 
 
To test if RT-qPCR can be performed directly on lysed pollen extracts, I selected six pollen-
enriched genes expressed during early and late pollen stages (Table 3-3). MGH3/HTR10 and 
TIP5 were selected for their germline-specific expression; VCK, CSLD1 and CSLD4  for their 
Stage 
number
Anther 1 Anther 2 Anther 3 Anther 4
Stage 
name
-1 100 100 100 100 TCP
-2 100 100 100 100 TCP
26 ND 55 63 TCP
18 ND 32 36 PM2
55 ND 12 0 BCP
-4 100 100 100 100 BCP
-5 100 100 100 100 BCP
-6 100 100 100 100 BCP
ND 26 42 7 BCP
ND 73.68 58 93 PUNM
-8 100 100 100 100 PUNM
-9 100 100 100 100 UNM
-10 100 100 100 100 Tetrad







known VC-specific expression and MSP1 was selected for its UNM-specific expression. MSP3 
that has been shown to express in UNM/VC-specific expression but failed the Sanger 
sequencing check (Section 3.2.3.2.1) (Honys et al., 2006; Brownfield et al., 2009a; Grant-
Downton et al., 2013; Klepikova et al., 2016). For this, RT-qPCR was directly performed on 
lysed LiDP from UNM, PUNM, mid-BCP and late-TCP stages harvested from three medial 
anthers of five plants and directly used to amplify above pollen-enriched genes. Their relative 
expression levels were calculated using TONB and PP2A as the reference which was then 
plotted on a bar chart and compared to previously published results. 
HTR10/MGH3 expression was detected exclusively at TCP (Figure 3-10) consistent with its 
known expression in the male germline (Okada et al., 2005; Ingouff et al., 2007; Klepikova et 
al., 2016). However, MGH3 expression was negligible at BCP which is inconsistent with strong 
pMGH3: GFP expression in BCP likely due to GFP’s higher sensitivity and due to reduced E-
value of cDNA synthesis-based methods that are dependent on the inefficient conversion of 
mRNA into cDNA. 
TIP5 (Tonoplast intrinsic protein 5) is a member of tonoplast-based aquaporin family that plays 
a crucial role in during pollen maturation and pollen tube growth (Wudick et al., 2014). 
Detection of TIP5 expression at TCP (Figure 3-11) is consistent with its known expression in 
TCP and late-BCP stage buds (Klepikova et al., 2016) and with strong pTIP5: GFP expression 
in BCP and TCP stages. Unlike strong pTIP5: GFP expression in BCP, I did not detect TIP5 
expression at BCP in RNA-Seq (Klepikova et al., 2016) and LiDP RT-qPCR data (this work) 
likely due to GFP’s higher sensitivity or ineffective cDNA synthesis dependent on the poor 








Figure 3-10: Relative expression of HTR10/MGH3 in LiDP.  
LiDP belonging to UNM, PUNM, BCP and TCP stages was isolated from a single bud, lysed and 
directly used for RT-qPCR using TONB as the reference. (A) Relative expression of HTR10/MGH3 in 
LiDP (B) Expression profile of HTR10/MGH3 from Klepikova atlas where most intense colour 
represents 10.8 RPKM (Klepikova et al., 2016) and (C) pMGH3:GFP expression during pollen 



























































































Figure 3-11: Relative expression of TIP5 in LiDP.  
LiDP belonging to UNM, PUNM, BCP and TCP stages was isolated from a single bud, lysed and 
directly used for RT-qPCR using TONB as the reference. (A) Relative expression of TIP5 in LiDP (B) 
Expression profile of TIP5 from Klepikova atlas where most intense red represents 10.83 RPKM 
(Klepikova et al., 2016) and (C) pTIP5:GFP expression during pollen development (Borg et al., 2011). 
VCK (Vegetative cell kinase), a serine-threonine protein kinase is expressed in the vegetative 
nucleus of late-BCP and TCP but not in the SCs (Okada et al., 2005; Grant-Downton et al., 
2013). Strong VCK expression was detected at TCP (R.E=15 to 35) but not at BCP (Figure 
3-12) which is consistent with its RNA-Seq results (Klepikova et al., 2016) but not with its 


























































































Figure 3-12. Relative expression of VC-specific gene VCK in LiDP.  
LiDP belonging to UNM, PUNM, BCP and TCP stages was isolated from a single bud, lysed and 
directly used for RT-qPCR using TONB as the reference. (A) Relative expression of VCK in LiDP 
(B) Expression profile of VCK from Klepikova atlas where most intense red represents 4.54 RPKM 
(Klepikova et al., 2016) and (C) pVCK:GFP expression during pollen development (Grant-Downton 
et al., 2013). 
CSLD1 and CSLD4 are two cellulose synthase genes expressed at the mature pollen stage and 
involved in cellulose deposition at pollen tube ends (Wang et al., 2011). LiDP RT-qPCR of 
CSLD1 showed strong expression (R.E=10 to 275) at TCP (Figure 3-13) consistent with the 
strong expression of pCSLD1:GUS (Grant-Downton et al., 2013) at TCP and partly consistent 
with its weak expression at TCP (Klepikova et al., 2016). CSLD4 expression at TCP (R.E=250 
to 450) (Figure 3-14) was consistent with its strong expression at TCP in RNA-Seq and 
pCSLD1:GUS assay. CSLD4 expression was also detected at PUNM in three of the five LiDP 
RT-qPCR replicates which is inconsistent with its expression not detected in RNA-Seq and 




























































































Figure 3-13: Relative expression of CSLD1in LiDP.  
LiDP belonging to UNM, PUNM, BCP and TCP stages was isolated from a single bud, lysed and 
directly used for RT-qPCR using TONB as the reference. (A) Relative expression of CSLD1in LiDP 
(B) Expression profile of CSLD1 from Klepikova atlas where most intense red represents 2.1 RPKM 
(Klepikova et al., 2016) and (C) pCSLD1:GUS expression during pollen development (Grant-Downton 



























































































Figure 3-14: Relative expression of CSLD4 in LiDP.  
LiDP belonging to UNM, PUNM, BCP and TCP stages was isolated from a single bud, lysed and 
directly used for RT-qPCR using TONB as the reference. (A) Relative expression of CSLD4 in LiDP 
(B) Expression profile of CSLD4 from Klepikova atlas where most intense red represents 11.81 RPKM 
(Klepikova et al., 2016) and (C) pCSLD4:GUS expression during pollen development (Grant-Downton 
et al., 2013). 
MSP2 is one of the three microspore-active genes (also expressed in BCP and TCP at higher 
levels) that was characterised to serve as a developing pollen-specific promoter by Honys et al., 
(2006) who detected pMSP2:GUS expression in all four stages of pollen development they 
analysed (Figure 3-15). LiDP RT-qPCR however detected MSP2 expression (R.E=1 to 3) only 
in BCP (Figure 3-15) but not in UNM, PUNM or TCP stages partly consistent with Klepikova 
atlas that too detected MSP2 only in BCP and early TCP stages (Klepikova et al., 2016). While 
the differences in MSP2 expression pattern among studies may be due to its very low expression 
and the relatively lower sensitivity of transcript-based techniques (RT-qPCR , RNA-Seq etc) 
































































































Figure 3-15: Relative expression of MSP2 in LiDP. 
LiDP belonging to UNM, PUNM, BCP and TCP stages was isolated from a single bud, lysed, and 
directly used for RT-qPCR using TONB as the reference. (A) Relative expression of MSP2 in LiDP 
(B) Expression profile of MSP2 from Klepikova atlas where most intense red represents 23.31 
RPKM (Klepikova et al., 2016) and (C) pMSP2:GUS expression during pollen development (Honys 
et al., 2006). LBCP- late-BCP, LTCP- late-TCP. 
Overall, LiDP RT-qPCR results from six pollen-enriched genes are consistent with previous 
reports and further corroborates the negligible impact of pollen lysate on RT-qPCR E-value. 
These results conclusively show that the LiDP RT-qPCR can be used for reliable estimation of 
gene expression in pollen. 
3.2.4. Low-input developing pollen RNA-Seq  
Total RNA isolated from bulk-harvested tissues is typically purified and DNase-treated before 
it is used for RNA-Seq library preparation to remove contaminating proteins, genomic DNA, 
and miscellaneous cellular debris. However, I decided to explore if lysed pollen extract can be 






To test if pollen lysate can be directly used for RNA-Seq, RNA-Seq-compatible libraries were 
prepared using pollen lysate from four TCP samples and sequenced on an Illumina MiSeq 
sequencer (Tantirigama et al., 2016). The sequenced reads when processed and mapped to the 
Arabidopsis genome (TAIR 10) revealed a high percentage (30%) of reads mapping to rRNA 
(data not shown) likely due to the non-specific hybridisation of oligo d(T) during reverse 
transcription (RT). High RT Mg2+ level promotes oligo d(T) hybridisation by reducing its 
electrostatic repulsion to mRNA poly(A) tails (Eckert and Kunkel, 1990). Accordingly, single-
cell RNA-Seq protocols use relatively high Mg2+concentration (9-12 mM) to enhance cDNA 
library yield (Picelli et al., 2013, 2014). Based on these observations, I hypothesised that high 
RT Mg2+ level may be increasing non-specific mapping of reads to rRNA (and genomic DNA). 
To test if high Mg2+ levels increase non-specific mapping of reads to rRNA (and genomic 
DNA), I harvested -1 stage pollen from a single anther, lysed and directly used it to prepare 
RNA-Seq-compatible libraries with 3 mM, 4.1 mM, 5.8 mM and 8.6 mM Mg2+. The lowest 
among the four concentrations were chosen to resemble the Mg2+ level in PrimeScript RT 
buffer, and the highest (8.6 mM) was selected to mirror the Mg2+ level used in Tantirigama et 
al., (2016). The libraries were sequenced in Illumina MiSeq, and the data was processed and 
mapped to the Arabidopsis genome (TAIR 10). The proportion of reads mapping to various 
features were analysed with RNASeqQC in Seqmonk. 
Reducing the concentration of Mg2+ from 8.6 mM to 3 mM lowered the percentage of reads 
mapping to rRNA from 20% to 5% (Figure 3-16) corroborating our hypothesis. Reducing the 
concentration of Mg2+ from 8.6 mM to 3 mM also increased the percentage of reads mapping 
to all genes from 55% to 60% and to exons of these genes from 45% to 68% suggesting a strong 
inverse correlation between Mg2+ levels and percentage of reads mapping to exons. Taken 
together, these results show a positive correlation between Mg2+ concentration and the 
proportion of reads mapping to rRNA. These results also show increased mapping of reads to 
exons in the presence of high Mg2+. Based on these results, I decided to adopt 3 mM Mg2+ as a 







Figure 3-16: Effect of Mg2+ level on the mapping quality of RNA-Seq reads. 
RNA-Seq libraries were prepared from LiDP samples in the presence of four different Mg2+ 
concentrations- 3, 4, 5.8 and 8.6 mM and sequenced in a MiSeq. The reads were processed and 
mapped to the Arabidopsis TAIR 10 genome and the percentage of reads mapping to various 
features such as Genes, Exons and rRNA were determined using Seqmonk RNASeqQC program. 
 
To test if pollen lysis condition affects the RNA-Seq mapping quality, two Arabidopsis leaf 
samples were physically lysed in a frozen mortar and pestle. A small quantity of the ground 
tissue, roughly corresponding to a LiDP sample, was incubated under three conditions- 1) with 
4 M MMNO at room temperature for 10 min, 2) without MMNO at room temperature for 10 
min and 3) with 4 M MMNO at 4ºC for 10 min (pollen lysis condition) (Figure 3-17, A). I did 
not use LiDP for this experiment since it cannot be used to prepare a ‘No-MMNO’ control. 
RNA-Seq libraries were prepared from the above samples and run on an Illumina MiSeq 
sequencer. The sequenced reads were processed and mapped to the Arabidopsis TAIR10 
genome with Illumina BaseSpace, and the percentage of reads mapping to features was 
estimated with Seqmonk RNASeqQC plot (Figure 3-17).  
About 5% and 15% of the reads from the two No-MMNO control samples mapped to multiple 
loci compared to 20% from MMNO-treated samples, and ~40% reads from samples treated 
with pollen lysis condition suggesting a strong correlation between MMNO/pollen lysis 











































Less than 5% of the reads mapped to intergenic regions in the absence of MMNO while 20% 
of reads mapped to intergenic regions in the presence of MMNO and pollen lysis treatment. 
This result suggests that pollen lysis with MMNO increases the percentage of mapping of reads 
to intergenic regions. About 70% of reads mapped to coding regions in the absence of MMNO 
compared to ~40% in the presence of MMNO and pollen lysis treatment which suggests that 
pollen lysis with MMNO reduces the percentage of reads mapping to coding regions.  
Taken together, these results show that pollen lysis condition affects the mapping quality of 
RNA-Seq reads. However, the adoption of pollen lysis condition for LiDP RNA-Seq is not 
affected by this result since the reduction in mapping quality can be overcome by generating 











Figure 3-17: Effect of pollen lysis condition (treatment) on mapping quality of RNA-Seq reads. 
Low-input leaf samples were incubated in the presence of MMNO, under pollen lysis 
condition/treatment and in the absence of MMNO. The treated leaf samples were used to prepare 
RNA-Seq libraries which was then sequenced in a MiSeq. The reads were processed and mapped to 
the Arabidopsis TAIR 10 genome. (A) The percentage of reads mapping to various features such as 
‘multiple loci’, ‘intergenic regions’ and ‘protein coding regions’ were determined using the 
Seqmonk RNASeqQC program. (B) A Gene coverage plot of RNA-Seq reads mapping across 
transcripts was generated using Illumina Base Space.  
Further, the results showed a distinct 3`bias in the gene coverage of reads exclusively in samples 
treated with MMNO (Figure 3-17) suggesting possible degradation of mRNA 5`end by 
MMNO. Samples treated with pollen lysis condition showed mild 3` bias in gene coverage but 
not in ‘No-MMNO’ control samples. Overall, these results suggest limited degradation of the 
5`end of mRNA transcripts during pollen lysis treatment which was considered an unavoidable 





























Pollen lysis treatment 1








This chapter describes the development of a novel method to isolate pure and homogeneous 
developing pollen sample. The full protocol is available for future reference in Appendix-2, on 
page 209. The method is called low-input developing pollen (LiDP) isolation and involves the 
harvesting of developing pollen from a single anther or a bud. The developmental stage of the 
isolated pollen is determined by DAPI-staining a representative sample followed by its 
microscopic analysis. The remaining pollen is lysed by incubating it in a lysis solution 
containing 4M MMNO and an RNase inhibitor. The lysed extract can be directly used for RT-
qPCR, DD-PCR or RNA-Seq.  
The key advantage of the LiDP method lies in its ability to isolate pure pollen samples free 
from sporophytic tissue and its transcripts. Purity was ensured by designing a simple washing 
step that involved centrifuging the freshly harvested pollen thrice in a mannitol solution. The 
tapetum-specific gene, LTP12 (Arondel et al., 2000) failed to amplify from supernatants of 
washed samples suggesting successful removal of non-pollen transcripts by washing. The 
presence of a small number of transcripts below the detection threshold of RT-qPCR cannot be 
ruled out but that is likely to remain undetected in future RT-qPCRs or RNA-Seq as well. 
While pollen isolated from a single anther has been previously used to study fluorescent 
reporter expression under a microscope (Brownfield et al., 2009a; Brownfield and Twell, 2009), 
this is the first time a low-input method has been developed for molecular analysis. The 
method’s innovative approach to combine low-input isolation and MMNO-based pollen wall 
degradation enabled this breakthrough. Previous low-input methods further relied on bud length 
to estimate broad pollen stage which was both arbitrary and unsuitable for targeted molecular 
analysis of developing pollen. I therefore used a subset of pollen from the anther or bud, stained 
it with DAPI and visualised it under a microscope to establish its specific stage based on the 
number and position of pollen nuclei. 
A test to reveal the effect of pollen lysis condition on mRNA showed only mild degradation 
which was however more prominent at the 5`-end of pollen mRNA (Section 3.2.4.2). Such 
mRNA also produced greater number of reads that annealed to multiple loci and intergenic 
regions when compared to cDNA not treated with MMNO. However, pollen lysis condition 
can be used for LiDP RNA-Seq since the reduced mapping quality can be compensated by 






Pollen lysis condition showed negligible impact on RT-qPCR E-value (Section 3.2.3.2.4). 
However, I could not perform reliable LiDP RT-qPCRs on pollen from a single anther most 
likely due to low template amounts. One option available was to enrich the cDNA as used in 
single cell RT-qPCR (Ståhlberg and Kubista, 2018). I instead adopted a more straightforward 
solution and increased the template amount by harvesting pollen from three anthers of a bud 
after ensuring that they belong to a narrow developmental window.  
The experiment to validate the transcriptome was designed as a much bigger experiment to test 
the expression of at least two pollen-enriched genes at each of the four pollen development 
stages. However, validation of the primers through the elaborate primer design flowchart 
resulted in removal of at least one primer targeting UNM-active gene (apart from MSP2). No 
PUNM-specific gene were available for validation by RT-qPCR. Following the availability of 
the LiDP transcriptome, multiple UNM and PUNM-enriched genes have been identified. Future 
work can validate the expression of these genes using RT-qPCRs and DD-PCRs. 
The LiDP method enables comparative transcriptomic analysis of pollen to be performed on 
pollen isolated from a small number of plants saving of precious lab space and resources. 
Further, experiments that involve multiple T1 lines exposed to various treatment conditions 
such as drought, cold or heat can be performed on pollen harvested by the low-input method 
from a handful of plants which would otherwise require bulk harvesting of pollen from several 
hundred plants. 
 Conclusions 
This chapter describes the conception, development and testing of a novel LiDP isolation 
method designed to isolate, lyse and reverse transcribe pure and homogeneous developing 
pollen for RT-PCR and RNA-Seq. Isolating pollen from a single anther or a bud ensured sample 
homogeneity whereas a simple washing step that removes contaminating mRNAs from the 
isolated sample ensured its purity. Lysing the pollen with MMNO allowed easy access to its 
molecular contents without degrading its RNA while reverse transcribing the pollen RNA from 
the lysed extract directly into cDNA allowed reliable estimation of pollen gene expression by 
RT-qPCR and RNA-Seq. Tests revealed partial effect of pollen lysis on mapping quality that 
can be resolved by increasing sequencing depth and filtering out the non-specific reads. The 
LiDP method will be used in the subsequent chapters to generate an RNA-Seq-based 





pollen, to assess and demonstrate the usefulness of the LiDP to investigate a pollen development 
mutant and finally to test the hypothesis that misexpression of DUO4 may result in failed GC 





 Chapter 4 : A low-input developing pollen transcriptome 
 Introduction 
A transcriptome is defined as the sum of all mRNA transcripts expressed in a cell, tissue or 
organism. Early attempts to explore the developing pollen transcriptome revealed a diverse 
array of mRNA transcripts expressed during pollen development (Schrauwen et al., 1990). 
Based on this study, pollen mRNA population was divided into three groups: Group I mRNA 
that is expressed abundantly from UNM to TCP, Group II mRNAs that are expressed at a 
constant level throughout pollen development and a Group III mRNAs that are transiently 
expressed during early and late stages of pollen development (Schrauwen et al., 1990). Later 
research led to a broader classification of the pollen transcriptome into a group of early genes 
that are abundantly expressed during early stages but declines in expression after PM I and a 
second group of late genes that are abundantly expressed exclusively during the late stages 
(Mascarenhas, 1990; Twell, 2002). 
MA-based developing pollen transcriptome revealed, 1) a progressive decline in the number of 
genes expressed during pollen development, 2) early enrichment of core translation factors and 
core cell cycle genes and 3) late enrichment of TFs and cell signalling, cell wall metabolism 
and cytoskeleton metabolism genes (Honys and Twell, 2004). The study further categorised the 
developing pollen transcriptome into an early expression program enriched in UNM-BCP and 
a late expression program enriched in TCP-MPG, consistent with other studies (Mascarenhas, 
1990; Wei et al., 2010). However, the inclusion of BCP in the early program is inconsistent 
with previous studies that identified a shift in global gene expression landscape at PM I 
(Mascarenhas, 1990), likely due to the presence of non-target UNM (12.5%) and tetrad (3.5%) 
pollen (Section 1.4.1) in the MA BCP sample that likely biased the BCP transcriptome towards 
the early expression program. 
The MA-based developing pollen transcriptome greatly advanced our understanding of pollen 
development but was limited by available technologies. For example, it used the ATH1 array 





technologies such as RNA-Seq are not limited by probe coverage and can theoretically 
discovering every single gene expressed in the transcriptome at a particular point in time. Thus, 
this important study likely failed to reveal the true dynamics of global gene expression during 
pollen development and differentiation. 
Targeted analysis of PUNM was possible in this work due to the LiDP method’s ability to 
isolate pure and homogeneous pollen from an extremely narrow developmental window which 
was not possible before. Previous attempts to separate developing pollen based on its density 
failed to isolate PUNM since pollen size and mass at this stage is intermediate to UNM and 
BCP and tended to co-fractionate with either of these two pollen. The process of polarization 
is accompanied by a gradual increase in pollen size that involves unique changes to vacuole 
activity and cell wall organisation that has not been studied before at the molecular level. An 
attempt will be made to explore and briefly investigate previously unknown gene expression 
pathways in PUNM that may play important roles in pollen size expansion (including its 
suitability to study processes such as cell-cycle control, molecules involved in polarisation and 
for the potential unequal inheritance of cell-fate determinants). 
The primary aim of the work in this chapter is to generate an accurate and comprehensive RNA-
Seq-based transcriptome of developing pollen by utilizing the LiDP method developed in  
Chapter 3. The LiDP transcriptome will be analysed to assess its usefulness as a valuable 
resource for the pollen biology community. Finally, the transcriptome will be used to 
investigate the dynamics of pollen gene expression at four discreet stages with emphasis on 
PUNM stage. 
 Results 
4.2.1. Isolation, staging and processing of LiDP samples 
To generate an RNA-Seq-based transcriptome of specific stages of developing pollen, pollen 
samples were isolated using the LiDP method developed in Chapter 3. To ensure chronological 
distance between developmental stages (for maximum distinction between samples) and to 
investigate gene expression dynamics in previously unexplored PUNM, I focussed on four 
pollen development stages: UNM immediately after release from tetrads, PUNM preparing for 
PM I, late-BCP immediately before PM II and late-TCP immediately before anthesis (rupture 





positions (Section 3.2) of inflorescences from four separate Arabidopsis plants. Since a bud’s 
position on an inflorescence is only a broad indicator of its pollen stage, the developmental 
stage of the isolated pollen was established using microscopy. For this, a portion of the isolated 
sample was fixed in Farmer’s solution, stained with DAPI, and examined under a microscope 
to accurately identify their stages to assess their homogeneity (Figure 4-1). 
 
Figure 4-1: Representative images of developing pollen samples used to generate the LiDP 
transcriptome. 
LiDP samples from stage-1 to -14 were isolated from a single anther. Half of the samples were 
fixed in Farmer’s fixative and DAPI-stained to determine its developmental stage under a 
fluorescent microscope. The pollen samples were characterised as UNM (A), PUNM (B), BCP (C) 
and TCP (D) based on their cellular and nuclear morphology. The stages were used were 








The homogeneity of isolated pollen samples was estimated by visually counting the number of 
stage-specific pollen. Samples containing the maximum proportion of homogeneous pollen 
were selected for RNA-Seq library preparation. All UNM and TCP populations including three 
BCP and two PUNM samples were homogeneous (Table 4-1). In contrast, three samples 
(PUNM 1, PUNM 2, BCP 2) contained heterogeneous pollen at varying proportions likely due 
to their proximity to mitosis rather than the asynchronous developmental in these anthers. 
Table 4-1: Homogeneity of pollen samples used to generate the LiDP transcriptome.  
LiDP samples isolated from a single anther was staged to determine its developmental stages by DAPI-
staining followed by their morphological analysis using fluorescent microscopy. The number of pollen 
belonging to a specific developmental stage were calculated and converted into percentages. Samples 
coloured in purple (TCP), green (BCP), red (PUNM), and blue (UNM) were selected for RNA-Seq 
library preparation. NA refers to samples lost during isolation or staging. 

























-5 100 BCP NA 100 BCP 100 BCP 











































NA 100 PUNM 
-13 NA NA NA 100 UNM 




To ensure maximum chronological distance between the pollen populations, -4 stage pollen 





PUNM) was selected over -9 stage (100% PUNM) (Table 4-1). While the pace of pollen 
development was partly synchronous and rapid in the first, second and third replicates, this was 
gradual in the fourth replicate likely due to poor plant growth conditions. Overall, 13 of the 16 
samples used for RNA-Seq library preparation were homogeneous. 
Corresponding samples were lysed according to the LiDP lysis method and directly used to 
prepare pre-amplified cDNA library according to Tantirigama et al., (2016). The pre-amplified 
libraries were quantified, quality checked and converted into RNA-Seq-compatible libraries 
according to the SMART-Seq2 protocol (Section 2.7) (Picelli et al., 2013, 2014). All 16 RNA-
Seq-compatible libraries were pooled and sequenced with an Illumina HiSeq 2500 sequencer 
by OGBF. 
4.2.2. A comprehensive transcriptome of developing pollen 
To generate a comprehensive transcriptome of developing pollen, sequencing data containing 
over 90 million 100bp long single-end reads was sequentially processed using a series of 
bioinformatic tools (Figure 4-2). Reads from majority of the samples passed FASTQC. Illumina 
adaptors were removed from the reads using Trim Galore while low-quality reads were filtered 








Figure 4-2: LiDP RNA-Seq data processing workflow.  
Reads were trimmed with Trim Galore to remove adaptors and cleaned with Filter FASTQ to remove 
low-quality reads. TPM Read counts were calculated using Sailfish and used to identify pollen-
specific genes. FASTQ-filtered reads were mapped to Arabidopsis genome using RNA STAR and 
filtered again with a MAPQ filter. RPM and RPKM read counts were calculated using Seqmonk and 
filtered according to their counts using Individual probe value (IPV) filter to generate a list of genes 
expressed at each stage. The list of genes expressed at each stage was combined to generate the 
cumulative ‘Pollen transcriptome’. Reads counts in raw format was calculated using featureCounts. 
Raw counts were used for DESeq2 analysis for differential expression analysis. 
 
Between 4-8 million unique reads from each library were mapped to the reference genome from 
each library, with majority of the libraries having 5-7 million unique reads mapped (Figure 
4-3). Processed reads were mapped using RNA STAR program to the Arabidopsis TAIR10 
genome with Araport11 gene annotation and default parameters (Dobin et al., 2013). Mapping 
is a key step in RNA-Seq data analysis that assigns sequenced reads to specific locations in the 
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genome. It requires a genome assembly which is a representative genome for a species 
generated from a population of multiple individuals. For this work, the latest version of the 
119.14 Mb long Arabidopsis genome (TAIR10) was used (The Arabidopsis Genome Initiative, 
2000). Gene annotations contain gene models with encoded loci positions that is used by 
mapping programs to identify gene features with the mapped reads. This work used Araport11, 
the latest gene annotation built on the TAIR10 genome and has been reannotated with 113 
public RNA-Seq data sets containing 32,833 genes, of which 27,655 are protein-coding and 
5,178 are non-coding (Cheng et al., 2017).  
RNA-Seq reads map to a single location (called unique reads) or to multiple locations in the 
genome due to their short lengths and absence of genomic contexts and depending on their read 
quality and proportion of repetitive regions in the genome. Unique reads from BCP_1 mapped 
the most to the genome whereas those from UNM_3 mapped the most to multiple loci. Virtually 
all libraries had a small portion of reads that belonged to the ‘mapped to too many loci’ category 
while a small proportion of reads failed to map to the reference genome across all the samples 
due to their short size and belonged to the ‘Unmapped: too short’ category. 
Since a high percentage of reads in preliminary RNA-Seq tests mapped to multiple loci and 
intergenic regions (Section 3.2.4.2 above), a strong MAPQ-filter was applied to remove low-
quality non-specific reads mapping to repetitive regions on the genomic DNA (Li et al., 2009). 
For this, a MAPQ value of 255 was applied to preferentially select uniquely mapped reads and 
remove non-specific reads. The MAPQ-filtered mapped files were imported into Seqmonk 
(Andrews, 2019b) using default values for further analysis and to calculate gene expression 
counts in RPM and RPKM formats. However, MAPQ filter does not completely remove reads 
that map strongly to genes on genomic DNA. To minimize potential survival of genomic reads 
in MAPQ filtering, I also performed the ‘Correct for DNA contamination’ filter in Seqmonk 
before RNA-Seq quantification (Section 4.2.2.3). This filter calculates the intergenic read 
density to generate a correction value and applies it to each transcript to accurately quantify the 






Figure 4-3: Categories of reads mapping to the Arabidopsis TAIR10 genome in the 16 LiDP RNA-
Seq samples.  
Trimmed and filtered HiSeq reads were mapped to the TAIR10 genome using RNA-STAR with 
default parameters. The number of reads from each of the 16 libraries that are uniquely mapped 
(dark blue), reads mapped to multiple loci (light blue) and reads mapped to multiple loci (orange) 
was plotted using the MultiQC program. 
 
To determine the percentage of reads that map to genes (especially exons), rRNA and 
mitochondrial genes, an RNA-Seq QC plot was generated using Seqmonk. Here, ‘Gene’ refers 
to the percentage of reads that map to all genes, ‘Exons’ refer to the reads that map to the exons 
of those genes, ‘rRNA’ refers to reads that map to rRNA genes and ‘Mitochondrial genes’ refer 
























Figure 4-4: Percentage mapping of reads to various genomic features in the 16 LiDP RNA-Seq 
samples. 
Processed HiSeq reads were mapped to the TAIR10 genome using RNA-STAR with default 
parameters. The proportion of reads that mapped to genes, to exons of those genes, rRNA genes and 
mitochondrial genes was plotted using the Seqmonk RNASeqQC program. 
Between 60% to 90% of the reads mapped to genes across 16 libraries, of which 85% to 95% 
reads mapped to the exons of those genes (Figure 4-4) and a small fraction of reads (5%-10%) 
mapped to rRNA and mitochondrial genes. No correlation was observed between the 
percentage of reads mapping to features and the sample type (for example, pollen development 
stage) but some correlation was observed between the mapping percentage of samples and their 
position on the PCA plot (Figure 4-6). For example, minimal inter-replicate variation in the 
percentage of reads mapping to features correlated with tight clustering of BCP samples on the 
PCA plot. In contrast, higher inter-replicate variation in the percentage of reads mapping to 
features correlated with poor clustering of TCP samples (and to an extent in UNM and PUNM 
samples). Overall, these results show that a high proportion of unique reads map to exons in 
majority of the samples whereas only a small proportion map to rRNA and mitochondrial genes, 
broadly consistent with the mapping percentages observed previously in preliminary 
experiments performed with 3 mM Mg2+ (Section 3.2.4.1). 
 
To build a comprehensive transcriptome of developing pollen, gene expression levels were 
quantified using the Seqmonk RNA-Seq quantification pipeline (Andrews, 2019b). Gene 
counts were generated according to two count metrics- RPM (reads per million mapped reads) 


















































































sequencing depth and is calculated by dividing the total number of reads that map to a gene by 
a ‘scaling factor’ which is derived by dividing the total number of reads in the sample by 1 
million (Mortazavi et al., 2008). RPM values are used to compare the expression level of genes 
in two or more libraries with varying sequencing depths. RPKM, on the other hand, is 
normalised for both read length and sequencing depth and is calculated by dividing RPM of a 
gene by the number of bases in that gene and can be used to compare the expression of genes 
from the same library (Wagner et al., 2012; Conesa et al., 2016). 
Since LiDP RNA-Seq is performed on lysed pollen extracts containing genomic DNA, certain 
proportion of reads were expected to map to genic regions of genomic DNA. Such reads cannot 
be removed using MAPQ filter (Section 2.8.2) alone since this filter only removes low-quality 
reads that map to incorrect positions. To remove high quality reads that map to genomic DNA, 
the ‘Correct for DNA contamination’ filter (Section 2.8.3) in Seqmonk was performed before 
the RNA-Seq quantification step which calculates the intergenic read density to generate a 
correction value and applies it to each transcript to accurately quantify the genes (Figure 4-5). 
The ‘Correct for DNA contamination’ filter generates a correction value which is an indicator 
of overall DNA contamination in the sample. A plot (Figure 4-5) of the correction value 
suggested the absence of DNA contamination in early phase (corresponding to UNM and 
PUNM stages) in comparison to later phase (corresponding to BCP and TCP stages). This is 
likely due to the presence of twice and thrice the amount of DNA in BCP and TCP than in 






Figure 4-5: DNA contamination correction values in the 16 LiDP RNA-Seq samples. 
Processed HiSeq reads were mapped to the TAIR10 genome using RNA-STAR with default 
parameters. Pollen gene expression levels were quantified using Seqmonk ‘RNA-Seq quantification 
pipeline’ after applying the ‘Correct for DNA contamination’ filter which generated the DNA 
contamination correction values that was plotted. 
 
To prepare a pollen transcriptome, genes with low and inconsistent expression across biological 
replicates must be removed as they are likely to be background noise. Inconsistent expression 
between replicates is a concern when using the low-input technique since I had observed this 
phenomena in our preliminary RNA-Seq experiments. One approach to achieve this is to 
remove genes with expression counts below a threshold value of 1 RPM, those with inconsistent 
expression across multiple replicates by selecting for those that are expressed in at least half 
the number of biological replicates (Harrop et al., 2016).  
To generate the pollen transcriptome, a stringent Individual Probe Value (IPV-F) filter (Section 
2.8.3) was applied with Seqmonk that selects genes with an expression value above 1 RPM and 
1 RPKM in at least three of the four replicates. Application of the IPV-F filter on 32,327 genes 
with RPM metric generated a list of 10,879 genes at UNM, 10,851 at PUNM, 12,664 at BCP 
and 11,253 genes at TCP. Meanwhile, IPV-F filter of RPKM metric-based pollen transcriptome 
generated a list of 9188 genes expressed in UNM, 8999 in PUNM, 11833 in BCP and 9716 in 
TCP stages. The RPM-based stage-specific gene lists were merged into a single file using the 
Multi-join tool (Grüning, 2019) to generate a list of 19,684 genes that are actively expressed in 
at least one of the four stages of developing pollen, representing 59.9% of all genes (32,833) 



















































































exercise resulted in the identification and count estimation of 19,684 genes that were considered 
expressed in the ‘LiDP transcriptome’ (See Appendix-1, Additional file details- Excel Tab 1). 
4.2.3. Assessing the accuracy and usefulness of LiDP RNA-Seq 
 
To corroborate the accuracy and usefulness of the technique, principal component analysis 
(PCA) of the pollen samples was performed using all quantified genes (Figure 4-6). PCA 
identifies the strongest variables between samples based on quantitation levels where the first 
component defines the largest possible variance and clusters the samples with maximum 
correlation. Thus, the difference between two samples along the PC1 axis is greater than 
equidistant samples along the PC2 axis. PC1 and PC2 accounted for 31% of the variation that 
separated the samples based on their developmental stages. 
While BCP samples were found to cluster tightly, the TCP samples showed a wider spread 
along PC1 axis suggesting lower correlation among them. This is surprising considering all four 
TCP samples were isolated from -1 stage buds and are most likely to belong to the same stage. 
The proximity of TCP_2 with the BCP samples is likely not related to high amount of DNA 
contamination (Figure 4-5) as its position in the PCA plot remained unchanged even without 
DNA contamination correction (data not shown). This suggests that the correlation between 
TCP_2 and BCP samples is likely biological and that TCP_2 belongs to an earlier 
developmental stage than the remaining three TCP samples. Another possible reason for the 
wider spread of the TCP samples may be due to the higher inter-replicate variation in the 
percentage of reads mapping to genes in TCP stage samples (Figure 4-4). This argument also 
fits in with the tight clustering of BCP samples that also show minimum inter-replicate variation 
in the percentage of reads mapping to exons (Figure 4-4).  
UNM and PUNM showed weak correlation (wider spread) between replicates but the two stages 
showed significant overlap suggesting strong correlation between them. This is not unexpected 
as PUNM is simply UNM undergoing polarisation. The proximity of PUNM_4 to BCP may be 
due to its chronological proximity to PM I considering that the next sample (stage -9) contained 
87% BCP and only 13% UNM. On the other hand, the proximity of PUNM_2 to BCP may be 
due to the presence of 20% non-target BCP in the sample (Table 4-1). While PUNM_1 samples 
containing 27% non-target UNM is contiguous with UNM samples as expected, unexpected 





Overall, these results show strong correlation between UNM and PUNM samples and between 
BCP and TCP samples. 
 
 
Figure 4-6: PCA plot of genes from 16 LiDP samples. 
Processed HiSeq reads mapped to the TAIR10 genome using RNA-STAR were quantified in 
Seqmonk. RPKM values calculated during quantification was used to generate a PCA plot in 
Seqmonk. X-axis represented PC1 and Y-axis represented PC2. Individual samples were colour-
coded for easy identification as blue (UNM), red (PUNM), green (BCP) and orange (TCP). Four 
different shapes were used to identify the biological replicates as triangle (replicate 1), sphere 
(replicate 2), diamond (replicate 3) and thick circle (replicate 4).  
 
To further assess the LiDP method’s ability to generate an accurate and reliable transcriptome, 
the expression levels (RPMK) of a small subset of pollen-enriched genes assessed by RT-qPCR 
in Chapter 3 (Section 3.2.3.3.4) were verified (Figure 4.7). MGH3 (HTR10) expression was 
detected at TCP in the LiDP RNA-Seq data but not at UNM, PUNM or BCP stages (Figure 4-7, 
A). This is consistent with MGH3’s RT-qPCR expression pattern (Figure 3-10, A) and 
Klepikova atlas expression pattern (Figure 3-10, B) but only partially consistent with 
pMGH3:GFP assay (Figure 3-10, C) in which weak GFP expression was detected in BCP GC 


































TIP5 expression was detected in the LiDP RNA-Seq data at the TCP stage but not in UNM, 
PUNM and BCP samples (Figure 4-7, B), consistent with its RT-qPCR expression pattern 
(Figure 3-11, A) and expression in Klepikova atlas (Klepikova et al., 2016; Figure 3-11, B) but 
only partly consistent with expression in pTIP5:GFP assay (Figure 3-11, C) in which it was 






Figure 4-7: LiDP RNA-Seq expression profiles of select pollen-enriched genes.  
RPKM values of pollen-enriched genes with known expression profiles were plotted. These included (A) germ-line specific HTR10/MGH3 (compared with the 
relative expression values shown in Figure 3-10), (B) VC and SC-specific TIP5 (compared with the relative expression values shown in (Figure 3-11), (C) VC-
specific VCK (compared with the relative expression values shown in Figure 3-12), TCP and mature pollen-specific (D) CSLD1 (compared with the relative 
expression values shown in Figure 3-13) and (E) CSLD4 (compared with the relative expression values shown in Figure 3-14), (F) microspore-active MSP2 
(compared with the relative expression values shown in Figure 3-15). Coloured dot represents the relative expression from a single replicate. The red dash represents 





Strong VCK expression was detected at TCP (72 RPKM) in the RNA-Seq data but not in UNM, 
PUNM and BCP stages (Figure 4-7, C) consistent with its expression in RT-qPCR (Figure 3-12, 
A) and Klepikova atlas (Klepikova et al., 2016; Figure 3-12, B) but only partly consistent with 
pVCK::GFP expression in which it was additionally detected in the late-BCP stage (Okada et 
al., 2005; Grant-Downton et al., 2013); Figure 3-12, C). 
High CSLD1 (Figure 4-7, D) and CSLD4 (Figure 4-7, E) expression was detected in RNA-Seq 
data in TCP (100 & 40 RPKM) but not in UNM and BCP partly consistent with its expression 
in low-input RT-qPCR (Figure 3-13, A) (Figure 3-14, A), Klepikova atlas (Klepikova et al., 
2016; Figure 3-13, B & Figure 3-14, B) and pCSLD1:GUS (Grant-Downton et al., 2013; Figure 
3-13, C) and pCSLD4:GUS (Grant-Downton et al., 2013; Figure 3-14, C) assays. Low CSLD1 
expression was also detected in PUNM (~5 RPKM). 
MSP2 expression was detected in RNA-Seq data at PUNM, BCP and TCP but not in UNM 
stage (Figure 4-7, F) partly consistent with its expression pattern detected in BCP by LiDP RT-
qPCR and in BCP and early TCP in Klepikova atlas (Klepikova et al., 2016; Figure 3-15). This 
result is also partly consistent with the pMSP2:GUS assays (Figure 3-15, C) that showed 
expression in both early microspore and later BCP and TCP stages. 
Overall, these results are consistent with previous gene expression results and providing 
confidence that the low-input method followed by RNA-Seq reflects gene expression in pollen 
developmental stages and will be a valuable resource for the pollen biology community. 
Further, detection of SC-specific genes such as MGH4 and TIP5 suggests the method can detect 
and help investigate germ-line-specific genes in addition to vegetative-cell transcripts. 
 
Since the germline is a critical aspect of pollen development, the detection of germline-
expressed genes was analysed to confirm these were being detected. For this, the expression 
level (RPM) of SC-enriched genes was analysed based on Borges et. al., (2008). RPM metric 
counts were used for comparing their expression between the four stages. Of the 76 SC-enriched 
genes identified in Borges et. al., (2008), 17 were detected in the low-input samples, of which 
five were detected in TCP and eight were detected in the male germline (BCP and TCP) (Table 
4-2). Expression of 13 additional ‘SC-enriched’ genes were detected in developing pollen but 
not in TCP. The modest number of SC-enriched genes (17 of 77) detected is not unexpected as 





number of transcripts from the pollen which contains the much larger VC. Further, three SC-
enriched genes were found to be expressed in UNM, inconsistent with their expected expression 
pattern. Two SC-enriched genes, glycine-rich protein (AT5G55680) and NAC (AT1G60240) 
were however detected in the LiDP RNA-Seq at UNM which was nevertheless consistent with 
their expression in Klepikova et al., (2016). SPT5-1 was detected in UNM, BCP and TCP 
partially consistent with its expression in anthers at the stage when UNMs are present 
(Klepikova et al., 2016). Overall, these results show that several germline-genes can be detected 
using the LiDP RNA-Seq method, but differences exist in their detection depending on the 
method used. Further targeted analyses is necessary to understand the expression pattern of 







Table 4-2: Expression level (RPM) of known SC-enriched genes from Borges et al. (2008) in the LiDP transcriptome.  
AGI IDs Gene Brief description UNM PUNM BCP TCP 
AT1G19890 MGH3 Male-gamete-specific histone H3 0.0 0.0 0.0 35.2 
AT4G11720 HAP2 HAPLESS 2 0.0 0.0 0.0 14.3 
AT5G18510 AT5G18510 Aminotransferase-like 0.0 0.0 0.0 10.1 
AT5G59510 RTFL5 Rotundifolia-like 5 0.0 0.0 0.0 8.5 
AT5G39650 DAU2 DUO1-activated unknown 2 0.0 0.0 0.0 23.7 
AT1G30740 AT1G30740   0.0 0.0 8.8 8.2 
AT1G32850 UBP11 Ubiquitin-specific protease 11 0.0 0.0 23.9 26.4 
AT5G59280 PUM16 Pumilio 16 0.0 0.0 23.6 18.5 
AT3G09620 AT3G09620   0.0 0.0 97.3 65.0 
AT3G19890 AT3G19890   0.0 0.0 18.3 18.9 
AT3G49450 AT3G49450   0.0 0.0 63.8 39.9 
AT4G35700 DAZ3 DUO1-activated zinc finger 3 0.0 0.0 12.0 135.8 
AT4G36070 CPK18 Calcium-dependent protein kinase 18 0.0 0.0 21.8 18.9 
AT4G26390 AT4G26390   0.0 18.4 54.3 93.4 
AT5G55680 AT5G55680  Glycine-rich protein 92.3 0.0 21.9 166.5 
AT2G34210 SPT5-1  Transcription elongation factor 4.2 0.0 60.9 32.5 







I then analysed the expression of DUO1 (Section 1.3.3) and its targets to assess the validity of 
LiDP RNA-Seq data. Expression values of DUO1 (TPM) and 16 verified DUO1-activated 
targets (DATs) (Brownfield and Twell, 2009; Borg et al., 2011) (RPKM) from this work were 
plotted. DUO1 TPM count metric was used since its expression was not detected in RPKM data 
likely due to the stringent filter. As expected, expression of majority of the DATs was detected 
in the male germline (BCP and TCP) (Figure 4-8).  
 
Figure 4-8: LiDP RNA-Seq expression levels of DATs. 
Processed HiSeq reads were mapped to the TAIR10 genome using RNA-STAR. The mapped data was 
quantified in Seqmonk and filtered to generate an LiDP transcriptome. The average RPKM values of 
four DATs replicates from the transcriptome was plotted. DUO1 TPM values from Sailfish was used 
since it was not detected in the LiDP transcriptome. The four pollen stages were plotted on the x-axis 
and RPKM values were plotted on the y-axis. 
Further, RNA-Seq expression counts of DATs throughout pollen development was compared 
to their expression pattern in RT-qPCR (Section 3.2.3.3.4), MA data (Honys and Twell, 2004) 


































germline-specific DATs - MGH3/HTR10, TIP5;1, GCS1, DAF1, DAU2, OPT8 was enriched in 
TCP consistent with its expected expression in the SCs (Borg et al., 2011).  
The germline-specific DATs, HTR10/MGH3 and TIP5;1 (Brownfield et al., 2009a) were 
detected exclusively in the male germline (this work, Table 4-3) partly consistent with its RT-
qPCR expression pattern (Figure 3-10, A). This is an improvement over MA data in which 
HTR10/MGH3 was additionally detected in UNM.  
GCS1 expression (in this work) was restricted to TCP partly consistent with its germline-
specific expression. In contrast, GCS1 was not detected in MA data likely due to incomplete 
probe coverage.DAF1 expression an improvement over its MA data in which it was detected in 
UNM, BCP and TCP (Table 4-3). DAZ3, PCR11 and DAW1 were detected in both BCP and 
TCP stage (this work, Table 4-3) consistent with their germline-specific expression and partly 
consistent with their known pro:GFP expression in SCs (Borg et al., 2011). Expression pattern 
of DAU2 (DUO1-activated unknown 2) and OPT8 (Oligopeptide transporter 8) was also 
consistent with their known expression in SCs (Table 4-3). 
The remaining DATs were either undetected (MAPKKK20, GEX2a, IMPa-8, DAZ2) or 
inconsistent (DAN1) with their expected germline-specific expression pattern. Interestingly, 
detection of DAN1 expression in UNM was consistent with its expression pattern in Klepikova 
atlas in which it was detected in flower 4 (TCP) at 112 RPKM and flower 12-14 (UNM) at 60 
RPKM which suggests it might not be exclusively activated by DUO1 and requires further 
investigation. DAF1 (DUO1-ACTIVATED F-BOX 1) was found to be expressed at the highest 
level in TCP, consistent with previous reports (Borg et al., 2011). It has been shown to 
physically interact with ASK4 (ArabidopsisSKP1-like) expressed in actively dividing tissues 






Table 4-3: List of verified DATs detected in the LiDP transcriptome and their expression levels. 
RPKM values of 16 DATs detected in LiDP transcriptome were tabulated together with their MA counts (Honys and Twell, 2004) in parenthesis. Genes that were not 
detected in the pollen transcriptome are labelled ND, those not detected in the MA are labelled NA, those with zero expression are labelled ‘0’.  
AGI IDs Gene Source UNM PUNM BCP TCP 
At1g19890 MGH3/HTR10 Brownfield et al, 2009 0 (241.6) 0 0 (537.1) 33.39 (2211.2) 
At3g47440 TIP5;1 Borg et al, 2011 0 (1017.8) 0 0 (1262.9) 83.74 (1981.2) 
At4g11720 GCS1 Brownfield et al, 2009 0 0 0 3.89 
At3g62230 DAF1 Borg et al, 2011 0 (310.52) 0 0 (497.7) 284.76 (4278.6) 
At5g39650 DAU2 Borg et al, 2011 0 0 0 32.6 
At5g53520 OPT8 Borg et al, 2011 0 0 0 25.2 
At4g35700 DAZ3 Borg et al, 2011 0 (174.7) 0 15.95 (0) 134.96 (1879.7) 
At1g68610 PCR11 Borg et al, 2011 0 (114.9) 0  22.85 (165.4) 155.24 (1601) 
At4g35560 DAW1 Borg et al, 2011 0 0 14.2 13.4 
At1g64110 DAA1 Borg et al, 2011 0 0 2.8 0 
At2g17180 DAZ1 Borg et al, 2011 0 0 10.5 0 
At3g04620 DAN1 Borg et al, 2011 19.15 (639.52) 0 7.98 (921.8) 45.78 (3271.01) 
At3g50310 MAPKKK20 Borg et al, 2011 0 0 0 0 
At5g49150 GEX2 Brownfield et al, 2009 ND ND ND ND 
At5g52000 IMPa-8 Borg et al, 2011 ND ND ND ND 







Overall, these results show that majority of the verified DATs can be detected in the low-input 
RNA-Seq with their expression patterns consistent with known germline-specific expression, 
further validating the data’s usefulness as a valuable resource for the pollen biology community. 
Meanwhile, the failure of both RT-qPCR and RNA-Seq to detect a subset of germline-
expressing genes from BCP but not from TCP may be due to the high detection threshold of 
RT-based methods. Reduced expression of DAT genes in BCP may be due to their expression 
from a single germ cell compared to twin SCs in TCP. Further experimental verifications are 
necessary to corroborate these expression patterns. 
 
To analyse the number of active genes detected in this work with previous reports, the LiDP 
transcriptome (both RPM and RPKM) was compared to two previous transcriptomes reported 
from Arabidopsis developing pollen (Honys and Twell, 2004) and mature pollen (Loraine et 
al., 2013) (Figure 4-9). 
Comparison of the LiDP RNA-Seq transcriptome with the MA-based transcriptome of 
developing pollen at UNM stage revealed fewer active genes in this work, likely due to the use 
of both UNM and PUNM in the MA data. At BCP stage, the number of active genes in the 
LiDP transcriptome was broadly similar to that in the MA whereas at TCP this was higher than 
in the MA (Figure 4-9). The increased detection of active genes in the LiDP transcriptome is 
consistent with the RNA-Seq technology’s increased detection and sensitivity compared to a 







Figure 4-9: Comparative analysis of LiDP transcriptome gene estimates at different stages 
The number of genes expressed in developing pollen from this work was plotted together with MA 
(Honys and Twell, 2004) and mature pollen RNA-Seq (Loraine et al., 2013) estimates. 
Fewer active genes were detected in TCP compared to BCP in both this analysis and the MA 
data (Honys and Twell, 2004). This is likely due to increasing functional specialisation of the 
developing pollen transcriptome post PM II as it prepares for pollination and pollen-tube 
germination. The number of active genes in mature pollen declined further to 6722 (Loraine et 
al., 2013) and 7235 (Honys and Twell, 2004); however, this stage was not covered in the current 
analysis. Overall, these results the low-input method is consistent with previous analysis 
showing an increase in the number of genes expressed from the during early phase to peak in 
BCP and then declines in TCP and mature pollen stages. 
 
Following from the number of genes detected in LiDP RNA-Seq, its concordance with MA 
data (Honys and Twell, 2004) was investigated. About half (5441) of all genes detected in the 
RNA-Seq UNM and PUNM samples were represented in the MA UNM, whereas about one-
fourth (2417) of them were not represented in the MA UNM sample (Figure 4-10, A). About 
3516 genes represented in the MA UNM sample were not detected in RNA-Seq UNM and 
PUNM samples and included known SC-enriched genes such as DAZ2, DAF1, PCR11, HAP2, 
BCP1, MGH3, TIP5 and DAZ3 (Borges et al., 2008) which suggests that a significant 




























About half (5795) of all genes in BCP RNA-Seq sample were represented in the BCP (MA) 
data (Figure 4-10, B) whereas an equivalent number (6089) were not represented. About 5179 
genes detected in TCP (RNA-Seq) were represented in the TCP (MA) whereas about 5538 
genes were not represented (Figure 4-10, C). Overall, these results show a considerable number 
of genes that are not identical in MA and LiDP transcriptomes likely due to 1) the poor gene 
coverage of the ATH1 array, which lacked nearly 3000 annotated genes 2) due to significant 
cross-stage contamination, 3) due to strict filtering of the LiDP transcriptome. 
 
Figure 4-10: Concordance between LiDP transcriptome and MA transcriptome data.  
Each diagram represents the overlap in Arabidopsis TAIR IDs from LiDP RNA-Seq and MA 
transcriptomes (Honys and Twell, 2004). Values in parenthesis represent the total number of active 
genes detected in that stage whereas values in coloured bubbles represent the number of common 
and discordant genes. 
 
One of the aims of generating stage-specific transcriptomes during pollen development was to 
gain insights into the genetic pathways that underlie pollen development. As a first step, the 
proportion of transcribed genes in developing pollen and non-pollen tissues was explored. The 
total number of pollen genes estimated in this work (19,684) was consistent with estimates from 





anthers (17,965), shoot apical meristem (15525), mature leaf (17849) and root apex (18,443) 
(Figure 4-11) (Klepikova et al., 2016). The number of genes active in individual stages (based 
on RPM count metric) of pollen development was found to be 40%-50% lower than that in non-
pollen plant tissues (Figure 4-11). Overall, these results show that while the proportion of active 
genes in pollen resembles multicellular tissues, its proportion in individual pollen stages is 
considerably reduced, consistent with the functional specialisation of individual pollen stages. 
 
Figure 4-11: Comparison of active genes in pollen and non-pollen tissues. 
The number of active genes in the LiDP transcriptome throughout each stage of pollen 
development (UNM, PUNM, BCP and TCP) and the total number of genes expressed in the pollen 
transcriptome (orange) was compared to the number of active genes in more complex non-pollen 
tissues (brown) such as young anther, mature anther, shoot apical meristem (SAM), mature leaf 
and root apex. Data from four biological replicates were used to generate the pollen 
transcriptomes that were subjected to the IPV-filter to select only those genes that expressed 
above 1 RPKM/RPM in at least three of the four replicates. Non-pollen data from Klepikova atlas 
was derived from a single replicate (Klepikova et al., 2016). 
4.2.4. Dynamics of differentially-expressed genes in developing pollen 
To further explore the genetic pathways in developing pollen, the dynamics of gene expression 
were explored by using differential expression analysis on genes detected in the developing 
pollen transcriptome. For this, genes were quantified (in raw count metric) with featureCounts 
(Liao et al., 2014) and used to perform DESeq2 between two adjacent stages (called factors) 
(Love et al., 2014). The list of differentially expressed genes (DEGs) identified with DeSeq2 
was filtered to remove DEGs with an adjusted p-value or FDR > 0.05 and a fold change (log10 




































































To better understand the pattern of DEGs in pairwise comparisons between pollen stages, 
Volcano plots were developed to reveal unique stage-specific expression patterns. A volcano 
plot is a form of scatter plot generated with log2 (FC) (fold change) on the x-axis and the 
negative log10 (FDR) (p-value) plotted on the y-axis to visually represent DEGs. The number 
of DEGs in pairwise comparisons was found to increase from UNM-PUNM (740) to peak at 
PUNM-BCP (3703) and then decline at BCP-TCP (1628) suggesting a shift in the 
transcriptomic landscape between PUNM and BCP, coinciding with PM I (Figure 4-12, A-C). 
This broad shift in the gene expression landscape (Figure 4-12, D), likely due to the formation 
of VC and GC fates. 
 
Figure 4-12: Dynamics of DEGs throughout pollen development.  
Volcano plots show the number of DEGs in pairwise comparisons between UNM and PUNM (A), 
PUNM and BCP (B) and BCP and TCP (C). The up-regulated genes with >2-fold change are shown 
in red and down regulated genes <2-fold change shown in blue and those below the FDR threshold 
are in grey. D, Bar graphs of the number of DUGs (Up) and DDGs (Down) in pairwise comparisons 






Pairwise comparisons showed two peaks in the number of differentially upregulated genes 
(DUGs) in PUNM (1346 genes) and TCP (1095 genes) stages (Figure 4-13). The first peak 
coincided with the pre-PM I stage when the microspore prepares for asymmetric cell division 
of the microspore into VC and a GC. The second peak coincides with the post-PM II stage of 
pollen development when the pollen prepares for pollen tube growth and pollination. To better 
understand the primary biological functions of the DUGs that represent these spikes, Gene 
Ontology (GO) categories of these genes were investigated. 
 
Figure 4-13: Number of DUGs in four stages of pollen development. 
The RNA-STAR mapped reads were used to calculate the raw read counts using the featureCounts 
program. The raw counts were used to identify differentially expressed genes using the DESeq2 
program. The number of DUGs identified in each stage were then plotted as shown. The stage at 
which the pollen undergoes PM I (pollen mitosis I) and PM II (pollen mitosis II) are also shown. 
 
GO analysis identifies the biological and molecular functions of predominant set of genes in an 
input list (Thomas et al., 2003; Huang et al., 2009a, 2009b). GO analysis of DUGs with default 
parameters including ‘FISHER Exact test’ and ‘Bonferroni corrected p-value’ cut off at <0.05 
identified several enriched biological terms. The most enriched terms that characterized DUGs 
in UNM were associated with sporopollenin biosynthesis, pollen exine formation, pollen wall 
assembly, cellular and fatty acid biosynthesis process (Figure 4-14, A). Enrichment of pollen 
wall formation genes in UNM is consistent with previous reports of overlapping expression of 
pollen-wall genes such as APG (Roberts et al., 1993), BCP1 (Xu et al., 1995) and AMS 
(Sorensen et al., 2003) in microspores and tapetum. 
The top enriched terms that characterized DUGs in PUNM were associated with translation, 





peptide biosynthesis (Figure 4-14, B) suggesting active synthesis of ribosomal and protein 
synthesis machinery and may also be reflect the spike in DUGs at the PUNM stage prior to PM 
I. 
The top enriched terms that characterized DUGs in BCP were associated with ‘unclassified 
proteins’ that showed minor enrichment in protein and cellular localization, intracellular 
transport etc (Figure 4-14, C). The list was also found to be enriched in pathways involved in 
the synthesis of secondary metabolites and amino acids enriched in genes such as ACS11 that 
is an immediate precursor of ethylene in ethylene biosynthesis. ACS11 mediates the rate-
limiting conversion of ACC to ethylene (Sato and Theologis, 1989) that is involved in pollen 
heat tolerance (Jegadeesan et al., 2018). Targeted overexpression of ACS11 in BCP may 
promote heat tolerance in developing pollen. 
Top enriched terms that characterized DUGs in TCP were associated with pollen tube growth, 
cell development and morphogenesis, unidimensional cell growth, cell tip growth, pectin 
catabolism and pollination (Figure 4-14, D). The pollen tube growth category included AtPRK2 
(Zhao et al., 2013), the MADS-box gene AG104 (Liu et al., 2013) known to be crucial for pollen 















Figure 4-14: GO analysis identified top biological functions of DUGs in four stages of pollen 
development. 
HiSeq reads were processed and mapped using RNA-STAR to calculate the raw counts which was 
then used to identify DUGs using the DESeq2 program. DUGs identified using DeSeq2 were subject 
to GO analysis with default parameters including ‘FISHER Exact test’ and ‘Bonferroni corrected p-
value’ cut off at <0.05. The values on the bar plot show the enrichment level of a particular biological 
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To identify the relatedness between samples, cluster analysis was performed on DEGs from all 
16 LiDP samples separately using two tools: data store tree (Figure 4-15, A) and hierarchical 
clustering (Figure 4-15, B). Datastore trees reveal the degree of relatedness of the test samples 
by construct a neighbour joining tree using Pearson correlation such that samples that are more 
related to each other tend to cluster together (Andrews, 2019b). 
The first cluster was composed of three of the four UNM samples (Figure 4-15, A) whereas the 
second cluster represented all four PUNM samples in addition to one UNM sample. While the 
third cluster represented all four replicates of TCP, the fourth cluster was composed of all four 
BCP replicates. This clustering pattern shows clear separation of the developing pollen samples 
into four distinct clusters that coincides with the four distinct stages. The results also show the 
aggregation of the four clusters into two larger ‘super clusters’ that coincides with an early 
UNM-PUNM phase and a late BCP-TCP phase (Figure 4-15, A). Overall, results from cluster 
analysis show the presence of two distinct phases that are demarcated by PM I consistent with 
previous reports of early and late phase genes (Mascarenhas, 1990). However, this result is not 
consistent with Honys and Twell (2004) that reported a phase-shift between early and late 
phases at PM II. 
To further investigate the dynamics of gene expression in developing pollen, DEGs in the 16 
LiDP samples were hierarchically clustered into three distinct groups based on their expression 
pattern. Majority of the DEGs belonged to Group 1 and were distinctly downregulated in UNM 
and PUNM stages (Early phase or Phase I) but upregulated after PM I in BCP and TCP (Late 
phase or Phase II) (Figure 4-15, B). Group 2 was represented by a smaller number of DEGs 
that are specifically upregulated in UNM, PUNM and TCP but are downregulated in BCP 
suggesting they are suppressed between PM I and PM II. Finally, DEGs from Group 3 were 






Figure 4-15: Clustering of DEGs in four stages of pollen development.  
DEGs identified using DeSeq2 analysis from UNM, PUNM, BCP and TCP stages. The DEGs was 
used to generate a datastore tree (A) that clustered the 16 LiDP samples into two ‘super clusters’ 
corresponding to phase 1 and phase 2. (B) Heatmap illustrates the separation of DEG into three 
distinct groups- Group1, 2 and 3 based on their expression. 
4.2.5. Identification of pollen-specific genes 
To further investigate the unique gene expression pattern in pollen, genes specifically or 
preferentially expressed in developing pollen were identified. For this, a non-pollen 
transcriptome was generated using RNA-Seq data from 66 different tissue types belonging to 
17 plant organs (Table 4-4; full sample list in Appendix-1, Table A-7). RNA-Seq data of pollen-
enriched tissues such as anther and flower buds were not included in the non-pollen 





Table 4-4: A non-pollen transcriptome was generated from the following 17 non-pollen organs. The 
full list of the samples used is available in Appendix-1, Table A-7. 





5 Leaf blade 
6 Leaf petiole 










17 Seed from silique 
 
However, inflorescence was included in the non-pollen transcriptome to avoid exclusion of a 
large amount of sporophytic tissues and considering the relatively low contribution of pollen to 
the entire inflorescence. RNA-Seq data of the 66 tissues were downloaded from the NCBI 
Sequence Read Archive (SRA) in FASTQ file format and processed to remove RNA-Seq 
adaptors and low-quality reads. Expression levels of the non-pollen genes were then calculated 
from the processed FASTQ files with Sailfish (Patro et al., 2014) (Figure 4-2).  
Genes with less than 1 TPM expression in all 64 non-pollen tissues but with over 1 TPM 
expression in at least one stage of the low-input developing pollen transcriptome were 
considered pollen-specific. This led to the identification of 894 pollen-specific genes expressed 
throughout pollen development (See Appendix-1, Additional file details- Excel Tab 2) which 
represented 4.5% of the pollen genes detected in this work and 3.2% of the 32,833 genes in the 
Arabidopsis genome (Cheng et al., 2017). The number of pollen-specific-genes ranged from 
560 in UNM, 628 in PUNM, 834 in BCP and 803 in TCP. In contrast to the decline in the 
number of pollen-expressed genes during its development (Figure 4-9), the number of pollen-





consistent with previous reports of progressive functional specialisation of the developing 
pollen as it prepares for germination and pollen tube growth (Honys and Twell, 2004).  
The number of pollen-specific genes identified in this work is similar to the nearly 800 pollen-
specific genes (1355 including mature pollen) identified by Honys and Twell (2004) despite 
using a comprehensive non-pollen dataset. In contrast, the non-pollen transcriptome used by 
Honys and Twell (2004) was generated from MA-based non-pollen transcriptome data 
generated from a limited number of plant organs including open cotyledon stage, leaves, 
petiole, stems, roots, root hair zone, and suspension cell cultures. 
GO analysis of pollen-specific genes revealed enrichment of F-box proteins, Pectin lyase-like 
proteins, glycosyl hydrolase proteins, defensin-like proteins, Toll-Interleukin-Resistance (TIR) 
proteins, S-locus cysteine-rich (SLCR) proteins, RING-U box proteins, Rapid Alkalinisation 
Factor (RALF) proteins which suggests the activity of a highly diverse set of genes that are 
enriched in a wide variety of biological functions.  
Of the 894 pollen-specific genes, four were UNM-specific, three were PUNM-specific, 12 were 
BCP-specific and 19 were TCP-specific (Table 4-5). This included the UNM-enriched LBD2 







Table 4-5: List of stage-specific genes identified using the LiDP transcriptome. 
Stage AGI IDs Gene symbol Brief Description 
UNM AT1G06280 LBD2 LOB domain-containing protein 2 
UNM AT2G01960 TET14 Tetraspanin14 
UNM AT2G39790 AT2G39790 Mitochondrial glycoprotein family protein 
UNM AT3G05440 AT3G05440 C2 domain-containing protein 
PUNM AT1G78160 PUM7 Pumilio 7 
PUNM AT4G38905 AT4G38905 Transmembrane protein 
PUNM AT5G59040 COPT3 Copper transporter 3 
BCP AT1G33945 AT1G33945 Hypothetical protein 
BCP AT1G71300 AT1G71300 Vps52 / Sac2 family 
BCP AT2G25565 AT2G25565 C3HC4-type RING finger protein 
BCP AT2G40925 AT2G40925 F-box and associated interaction domains-containing 
protein 
BCP AT3G42153 AT3G42153 Glycosyl hydrolase 9B9 protein 
BCP AT3G51560 AT3G51560 Disease resistance protein (TIR-NBS-LRR class) family 
BCP AT4G20810 AT4G20810 Transcription initiation factor IIE (TFIIE) alpha subunit 
family protein  
BCP AT4G39060 AT4G39060 LOW protein: coatomer subunit alpha-1-like protein 
BCP AT5G27790 AT5G27790 Protein kinase superfamily protein 
BCP AT5G45230 AT5G45230 Disease resistance protein (TIR-NBS-LRR class) family 
BCP AT5G51650 AT5G51650 Hypothetical protein 
BCP AT5G66520 AT5G66520 Tetratricopeptide repeat (TPR)-like superfamily protein 
TCP AT1G07330 AT1G07330 Dentin sialophosphoprotein 
TCP AT1G11250 SYP125 Syntaxin of plants 125 
TCP AT1G16380 ATCHX1 Cation/hydrogen exchanger family protein 
TCP AT1G26320 AT1G26320 Zinc-binding dehydrogenase family protein 
TCP AT1G51490 BGLU36 Beta glucosidase 36 
TCP AT1G51915 AT1G51915 Cryptdin protein-like protein 
TCP AT1G62450 AT1G62450 Immunoglobulin E-set superfamily protein 
TCP AT1G64235 AT1G64235 Bifunctional inhibitor/lipid-transfer protein 
TCP AT1G68090 ANN5 Annexin 5 
TCP AT1G79400 CHX2 Cation/H exchanger 2 
TCP AT2G03630 AT2G03630 Suppressor SRP40-like protein 
TCP AT2G16015 AT2G16015 Hypothetical protein 
TCP AT2G20430 RIC6 ROP-interactive CRIB motif-containing protein 6 
TCP AT3G09750 AT3G09750 Galactose oxidase/kelch repeat superfamily protein 
TCP AT4G17690 AT4G17690 Peroxidase superfamily protein 
TCP AT5G15040 AT5G15040 Paired amphipathic helix (PAH2) superfamily protein 
TCP AT5G28090 AT5G28090 Hypothetical protein 
TCP AT5G39365 AT5G39365 Defensin-like (DEFL) family protein 
TCP AT5G54560 AT5G54560 Hypothetical protein (DUF295) 
 
The UNM-specific TET14 (AT2G01960) is a member of the tetraspanin family of 
transmembrane proteins involved in cell signalling and adhesion (Reimann et al., 2017). While 
majority of the TET members play crucial roles in plant reproduction including possible sperm 
cell communication (Borges et al., 2008) and intercellular communication between pollen tube 
and pistils (Boavida et al., 2011, 2013), TET14’s role in pollen development has not yet been 





cotyledons using GUS reporter and has been proposed to play a role in radial patterning (Wang 
et al., 2014). Overall, these results suggests TET14 is likely involved in inter-micropore 
communication in tetrad or in the anther lumen. Meanwhile, expression of TET14 in cotyledons 
suggests the gene’s inclusion in the pollen-specific list is an aberration likely due to TET14 
exclusion from the non-pollen transcriptome probably due to its low expression. 
The PUNM-specific PUM7 (or PUF7) is a known RNA-binding protein (RBP) that showed an 
eight-fold expression in PUNM compared to BCP. In C. elegans, PUF7 has been shown to 
temporally repress the translation of a notch receptor GLP-1 that must be localized to anterior 
cells for the regulation of anterior cell fate patterning (Lublin and Evans, 2007). While no 
information is available on the PUNM-specific transmembrane protein, COPT3 was previously 
identified as microspore-specific gene 1 (MSP1) and was used to develop a microspore-specific 
promoter (Honys et al., 2006). However, Honys et al., (2006) detected weak MSP1 expression 
in mature pollen, cotyledon and true leaves in GUS assays which suggested the need for further 
work to verify its expression. Identification and targeted analysis of PUNM-specific genes was 
possible in this work due to the LiDP isolation method’s unique ability to isolate pure and 
homogeneous pollen from an extremely narrow developmental stage, thereby allowing the 
isolation of PUNM from UNM and BCP which was not possible before. 
Virtually all the BCP-specific genes identified were uncharacterised without any publication 
records. The BCP-specific expression of all the genes was verified using Klepikova atlas except 
AT3G51560 and AT4G39060 that were found to be expressed in non-pollen tissues. Similarly, 
several TCP-specific genes were found to be involved in pollen germination and majority of 
them were hypothetical proteins with no publication records. Overall, these results have 
identified several previously unknown pollen-stage-specific genes allowing further 
investigation of gene expression dynamics during pollen development. 
4.2.6. Dynamics of pollen gene expression 
Pollen development involves the precise and co-ordinated regulation of an array of genes that 
offers an ideal system to study regulation of plant cell cycle genes and gene regulation. To 
identify novel gene expression patterns, the dynamics of three specific gene categories were 
investigated in greater detail. I focussed on the PUNM stage analysis, since its isolation which 





pure and homogeneous pollen from an extremely narrow developmental window, thereby 
allowing the separation of PUNM from UNM and BCP which was not possible before. 
 
Pollen development that undergoes two rounds of pollen mitosis provides an ideal model to 
study cell-cycle control. Of the sixty-one ‘core’ cell-cycle genes identified in TAIR, 40 were 
detected in the LiDP transcriptome (See Appendix-1, Additional file details- Excel Tab 3). This 
is five less than the 45 cell cycle genes detected previously (Honys and Twell, 2004) likely due 
to stringent filtering of the RPKM-based pollen transcriptome resulting in the possible 
exclusion of low-expressing genes and genes variably-expressed between replicates. A plot of 
the core cell cycle gene expression sorted according to their RPKM values at PUNM revealed 
a subset of genes that are active exclusively in PUNM (Figure 4-16A) including KRP2 
(AT3G50630), CYCA2;4 (AT1G80370), CYCD4;2 (AT5G10440) and CDKA;1 (AT3G48750). 
KRP2is a known regulator of G2/M transition and cell expansion which is consistent with its 
expression in PUNMs about to enter mitosis. A variety of cell-cycle genes expressed at different 
levels in UNM, BCP and TCP (Figure 4-16, A) including DEL3 (AT3G01330), CDKB1;1 
(AT3G54180), CYCB2;4 (AT1G76310), CDKB2;1 (AT1G76540). 
A majority of the core cell-cycle genes identified in developing pollen showed low expression 
in the PUNM stage but abundant expression at BCP (Figure 4-16, B) which suggests that the 
subset of core cell-cycle genes that are not required for PM I are necessary for PM II. These 
include genes such as DEL2 (AT5G14960), CDKD;3 (AT1G18040) and CDKB1;2 
(AT2G38620). DEL2 is an E2F family gene that participates in cell proliferation but has not 
been described in developing pollen (Sozzani et al., 2010). CDKD;3 mutants (cdkd;1 cdkd;3) 
have been shown to produce aberrant pollen grains that are defective in PM I and PM II 
(Takatsuka et al., 2015). Overall, these results reveal the dynamic expression of at least two 
groups of core cell cycle genes in developing pollen that are differentially regulated to 









Figure 4-16: Expression dynamics of core cell-cycle genes at four stages of pollen 
development. 
HiSeq reads were mapped, quantified and value-filtered to produce the LiDP transcriptome. 
Core cell-cycle genes (Honys and Twell, 2004) detected in the transcriptome was sorted into 
two groups (Core cell cycle genes Group 1 and Group 2) according to their RPKM values at 
PUNM and plotted with RPKM counts on y-axis and the four pollen stages on the x-axis. 
 
About 68 core translational factors were detected in the low-input RNA-Seq data that were 
broadly categorised into four expression patterns (See Appendix-1, Additional file details- 
Excel Tab 4). The first group showed the highest expression (30-117 RPKM) at PUNM (Figure 
4-17, A) but dramatically declined after PM I which is consistent with previous results (Honys 
et al., 2004). This subset of genes included EF1A (AT5G60390), eIF4A-2 (At1G54270), eIF5A 
(AT1G26630) that were highly expressed at UNM whereas PAB4 (AT2G23350) and PAB3 
(AT1G22760) were not. 
The second group of core translation factors (Figure 4-17, B) expressed between 20-29 RPKM 
at PUNM was represented by eIF2B-E1 (AT2G34970) and PAB5 (AT1G71770) that showed 
relatively high expression at UNM (123 RPKM) and TCP, respectively. A few genes such as 
eRF1-1 (AT5G47880) showed highly dynamic expression. The third group of core translation 
factors expressed between 10 and 17 RPKM at PUNM (Figure 4-17, C) whereas the expression 
was at a relatively low level (<20 RPKM) across the four developmental stages in the fourth 





Overall, these results show abundant expression of translation factors during the early stages of 
pollen development that is downregulated following PM I. 
 
Figure 4-17: Expression dynamics of core translation factors at four stages of pollen development. 
An LiDP transcriptome was prepared by mapping, quantifying and value-filtering HiSeq reads. Core 
translation factors genes (Honys and Twell, 2004) detected in the transcriptome was sorted into four 
groups (Core translation factors Groups 1, 2, 3 & 4) according to their RPKM values at PUNM and 
plotted with their RPKM counts on y-axis and the four pollen stages on the x-axis. 
 
Transcription factors (TFs) regulate the rate of cellular mRNA synthesis by interacting with 
cis-acting elements and are identified by their DNA-binding domain. Of the 1594 plant TFs 
(Honys and Twell, 2004), 784 were detected in at least one of the four pollen development 
stages (See Appendix-1, Additional file details- Excel Tab 5). This represented 49.18% of all 
plant TFs which is comparable to the 45% detected in the MA (Honys and Twell, 2004). To 





families were analysed separately in two groups- Group 1 having highest expression at PUNM, 
and Group 2 containing the rest of the genes expressed at UNM, BCP and TCP. 
 
To better understand the dynamics of TFs throughout pollen development, gene expression 
patterns of select TF families were further explored. Of the 87 plant Homeobox (HB) genes 
(Honys and Twell, 2004), 52 were detected in at least one stage of pollen development (Figure 
4-18). BLH8 (AT2G27990) also called POUND-FOOLISH (PNF) expressed at the highest 
level in PUNM has been shown to regulate plant transition from vegetative to reproductive 
phase together with its paralogue PENNYWISE (PNY) with their double mutants unable to 
flower (Smith et al., 2004). The second highest expressed gene in PUNM was HB21 
(AT2G18550) which promotes the expression of the ABA synthesis gene NCED3 under BRC1 
activity in axillary buds suggesting its possible role in ABA biosynthesis in pollen (González-
Grandío et al., 2017). Interestingly three of the four known class I KNOX genes in plants were 
active exclusively in BCP including KNAT1 (AT4G08150), KNAT2, KNAT6 and STM, 
consistent with their role in cell division and differentiation. While the role of KNAT1 in shoot 
apical meristem (Lincoln et al., 1994), stem (Douglas and Riggs, 2005), leaf (Chuck et al., 
1996) and root development (Truernit et al., 2006) has been investigated in detail, its role in 







Figure 4-18: Expression dynamics of homeobox TFs at four stages of pollen development.  
An LiDP transcriptome was prepared by mapping, quantifying, and value-filtering HiSeq reads. 
Homeobox TFs genes (Honys and Twell, 2004) detected in the transcriptome was sorted into two 
groups (HB Group 1 and Group 2) according to their RPKM values at PUNM and plotted with their 
RPKM counts on y-axis and the four pollen stages on the x-axis. 
 
NAC TFs play a critical role in cis-transcriptional regulation of shoot apical meristem 
formation, cell cycle control during senescence, stress response etc (Ooka et al., 2003). They 
are one of the largest plant-specific TF family that carry an N-terminal DNA-binding domain, 
a nuclear localization signal sequence and a C-terminal transcriptional activation domain. The 
expression patterns of NAC was investigated as a representative of a large family of TFs that 
is likely involved in pollen development. 
Of the total 105 NAC genes identified in Arabidopsis, I detected 56 NACs in developing pollen 
in this work. Sorting the NAC genes according to their RPKM values at PUNM separated them 
into two groups: NAC Group 1 that peaks virtually exclusively in PUNM (Figure 4-19, A) and 
NAC Group 2 that peaks in BCP (Figure 4-19, B). NAC025 known to promote cell expansion 
in endosperms, was found to express in PUNM at an unusually high level (262 RPKM) 
(Sánchez-Montesino et al., 2019). The next highest expressing gene (ANAC087) had four times 
lower than NAC025 at 65 RPKM. Expression of ANAC095 peaked in TCP though its role in 
pollen development is not known yet. NAC006 expression rose sharply from zero RPKM at 





ABA at BCP (Section 4.2.6.3.1) since NAC006 expression has been shown to be positively 
regulated by ABA (González-Grandío et al., 2017). 
 
Figure 4-19: Expression dynamics of NAC family TFs at four stages of pollen development. 
An LiDP transcriptome was prepared by mapping, quantifying and value-filtering HiSeq reads. NAC 
family TFs genes detected in the transcriptome was sorted into two groups (NAC Group 1 and Group 
2) according to their RPKM values at PUNM and plotted with their RPKM counts on y-axis and the 
four pollen stages on the x-axis. 
 
Of the 69 plant bZIP TFs (Honys and Twell, 2004), 41 were detected in the developing pollen. 
Upon sorting the bZIP genes according to their RPKM values at PUNM, virtually all genes 
were found to peak at PUNM (Figure 4-20, A) ) and were called Group 1. A TGACG sequence-
specific binding protein 7 (TGA7) was found to peak at PUNM while bZIP30 expressed in BCP 
and TCP was characterised as and shown to be involved in a variety of plant processes (Lozano‐
Sotomayor et al., 2016). bZIP18 showed the highest expression in TCP and is likely involved 







Figure 4-20: Expression dynamics of bZIP TFs across four pollen development stages.  
An LiDP transcriptome was prepared by mapping, quantifying and value-filtering HiSeq reads. bZIP 
TF genes detected in the transcriptome was sorted (bZIP Group 1 and Group 2) according to their 
RPKM values at PUNM and plotted with their RPKM counts on y-axis and the four pollen stages on 
the x-axis. 
 
MADS-box genes found in all eukaryotes are involved in a variety of plant developmental 
processes such as flower development, floral transition, male and female gametophyte 
development (Coen and Meyerowitz, 1991; Weigel and Meyerowitz, 1994). MADS TFs 
interact with one or two MADS-box proteins to bind to DNA as homodimers or heterodimers 
to regulate the transcriptional activity of downstream genes. MADS box gene family in 
Arabidopsis is large family of 109 genes (Nam et al., 2004). 40 of the 71 MADS box genes 
were detected throughout pollen development constituting 56.3% of all MADS proteins in 
plants. Sorting the MADS-box genes according to their RPKM values in PUNM separated them 
into a group of a few genes that peak in PUNM (Figure 4-21, A) and another group composed 
of 25 genes that are exclusively enriched in BCP (Figure 4-21, B) while the rest were largely 







Figure 4-21: Expression dynamics of MADS genes at four stages of pollen development. 
An LiDP transcriptome was prepared by mapping, quantifying and value-filtering HiSeq reads. 
MADS group genes detected in the transcriptome was sorted (MADS Group 1 and Group 2) 
according to their RPKM values at PUNM and plotted with their RPKM counts on y-axis and the 
four pollen stages on the x-axis. 
Finally, the LiDP transcriptome also revealed the expression dynamics of 11 of 16 Auxin 
response factor (ARF) family genes, three of four ARID genes, 19 of 25 AUX-IAA genes, 53 
of 91 bHLH, 62 of 106 C2H2, three of five C2C2 YABBY, five of seven E2F DP, 53 of 87 
Homeobox family, 10 of 10 HMG-box, 14 of 24 HSF family, seven of eight JUMONJI, one of 
the single LEAFY, 12 of 20 TCP family, 30 of 63 WRKY family genes during pollen 
development. 
 
Twenty-one pollen-specific TFs were identified (Table 4-6) in the pollen-specific gene list 
(Section 4.2.5 above). This is lower than the 54 pollen-specific genes identified by Honys and 
Twell, 2004 (unpublished) likely due to improved coverage of the non-pollen transcriptome 







Table 4-6: List of pollen-specific TFs identified in the LiDP transcriptome with TPM values 
Pollen-specific TFs Gene symbol Gene Brief Description UNM PUNM BCP TCP 
AT1G61110 NAC025 NAC domain containing protein 25 550.45 903.87 4.31 8.10 
AT2G16910 AMS Basic helix-loop-helix (bHLH) DNA-binding superfamily protein 76.94 106.52 8.38 1.49 
AT5G62320 MYB99 Myb domain protein 99 622.74 75.51 24.35 5.32 
AT2G31210 AT2G31210 Basic helix-loop-helix (bHLH) DNA-binding superfamily protein 24.76 46.72 49.04 16.92 
AT1G03490 NAC006 NAC domain containing protein 6 36.23 39.59 85.61 46.72 
AT5G07310 AT5G07310 Integrase-type DNA-binding superfamily protein 0.00 15.46 25.92 5.33 
AT2G15660 AGL95 AGAMOUS-like 95 0.14 15.17 24.64 21.11 
AT1G66550 WRKY67 WRKY DNA-binding protein 67 6.23 14.07 108.99 30.69 
AT1G26790 AT1G26790 Dof-type zinc finger DNA-binding family protein 4.97 13.56 19.91 1.57 
AT1G29570 AT1G29570 Zinc finger C-x8-C-x5-C-x3-H type family protein 109.35 13.01 82.00 62.85 
AT1G74620 AT1G74620 RING/U-box superfamily protein 0.00 10.00 13.78 15.33 
AT3G30210 MYB121 Myb domain protein 121 5.48 8.17 10.34 0.78 
AT4G12190 AT4G12190 RING/U-box superfamily protein 136.70 6.55 38.40 76.74 
AT1G77980 AGL66 AGAMOUS-like 66 5.74 6.42 39.23 34.30 
AT2G34820 AT2G34820 Basic helix-loop-helix (bHLH) DNA-binding superfamily protein 17.32 5.87 10.00 2.33 
AT2G26880 AGL41 AGAMOUS-like 41 4.59 2.52 30.85 9.81 
AT5G49240 APRR4 Pseudo-response regulator 4 5.75 2.27 2.27 9.35 
AT2G17180 DAZ1 C2H2-like zinc finger protein 0.00 1.60 17.19 1.08 
AT5G58850 MYB119 Myb domain protein 119 0.00 0.44 8.01 10.13 
AT1G02250 NAC005 NAC domain containing protein 5 0.05 0.15 37.51 1.02 







To better understand the distribution of transcripts according to their abundances in the 
four stages, the distribution of high- and low-abundance genes throughout pollen 
development was explored by categorising them into three abundance classes- high (over 
100 RPKM), medium (between 10 RPKM-100 RPKM) and low (> 10 RPKM) (Figure 
4-22). The proportion of genes that formed the high abundance class was consistently low 
throughout four stages of pollen development and declined from UNM (3%) and PUNM 
(2%) to BCP (1%) but showed a dramatic increase in TCP (4%). The proportion of genes 
that formed the low abundance class declined from UNM (36%) and PUNM (35%) to 
BCP (30%) to increase marginally in TCP (37%). The proportion of genes that formed 
the medium abundance class was consistently high throughout pollen development rising 
from UNM (61%) to BCP (69%) and declining in TCP (59%). Overall, these results show 
redistribution of genes from medium abundance class to high and low-abundance classes 






GO enrichment analysis of these genes from high-abundance class with DAVID (Huang 
et al., 2009a) to identified enriched functional categories in the UNM such as pollen exine 
formation (6.2%), sporopollenin biosynthesis process (3.4%), flavonoid biosynthesis 
process (3.4%) and lipid transport (3.4%); those in PUNM belonged to sexual 
reproduction (6%), lipid storage (4.3%), lipid transport (4.3%), spermidine biosynthesis 
(1.7%) and drought recovery (1.7%) including genes such as COR15A that are involved 
in plant freezing tolerance and cold acclimation (Thalhammer and Hincha, 2014); those 
in TCP belonged to pectin catabolic process (5.6%), cell wall modification (4.1%), cell-
cell signalling (3%), calcium-mediated signalling (3%), cell wall organisation (5.2%), 
carbohydrate metabolism (4.9%) likely in preparation for pollen tube growth. 
  
 
Figure 4-22: Proportion of genes that formed the high-, medium- and low-abundance 
classes at four stages of pollen development.  
Pollen genes from the LiDP transcriptome were categorised into three abundance classes 
in (A) UNM, (B) PUNM, (C) BCP and (D) TCP stages. Genes with expression above 100 
RPKM formed the high abundance class (Green), those with expression between 10-100 
RPKM formed the medium-abundance class and genes with expression between 1- 10 





























The work in this chapter reports the first RNA-Seq-based transcriptome of developing 
pollen at four discreet stages developed using the LiDP isolation method and RNA-Seq. 
More importantly, this is the first time a PUNM transcriptome is being described allowing 
comprehensive investigation of asymmetric cell division during pollen development. For 
this, developing pollen samples were isolated from four plants using the LiDP isolation 
method, lysed with MMNO and used directly for RNA-Seq. The RNA-Seq data was 
subsequently processed to generate the transcriptome of pollen at different developmental 
stages and calculate the number of genes expressed in developing pollen, explore the 
expression dynamics of genes belonging to different abundance classes, identify pollen-
specific and pollen-stage-specific genes and identify genes that are differentially 
expressed between each of the four pollen development stages. The data was analysed to 
assess the transcriptome’s usefulness as a valuable resource for the pollen biology 
community by studying the expression pattern of known pollen-expressed genes, 
including DUO1-activated targets (DATs), and comparing with other data including MA 
data on density-gradient separated samples. The transcriptome was finally used to 
investigate pollen gene expression dynamics in microsporogenesis and 
microgametogenesis with an emphasis on the PUNM stage. 
4.3.1. LiDP isolation ensured pure and homogeneous sample for RNA-Seq  
The most significant advancement in this work concerns its utilisation of developing 
pollen samples that are homogeneous and belong to a narrow developmental window. 
Accordingly, the majority (13 out of 16) of the samples used for LiDP RNA-Seq 
contained appeared visibly homogeneous in microscopic examination. However, one 
BCP sample and two PUNM samples contained a small proportion of non-target TCP 
(10%), UNM (25%) and BCP (25%) (Honys and Twell, 2004). The presence of non-
target pollen in these samples is more likely due to the rapid morphological changes in 
chromosome structure close to mitosis and less likely due to actual increased asynchrony 
close to mitosis (within a couple of hours of development). Therefore, partial 
heterogeneity may exist in all stages of pollen development, consistent with previous 
reports that suggested asynchronous pollen development within a single anther (Carrizo 





potential gene expression anomalies were removed using appropriate filters such as the 
Individual probe value filter or DESeq2 analysis. Moreover, no correlation was observed 
between the homogeneity of the 16 pollen samples and their position on the PCA plot. 
Finally, use of four biological replicates to build the LiDP transcriptome allowed the 
application of statistical filters to remove low-confidence genes. 
Despite the possibility of partial heterogeneity, LiDP from a single anther can still be 
considered to belong to a very narrow developmental window compared to previous 
pollen isolation methods and therefore is a substantial improvement. For example, the 
MA-based Arabidopsis pollen transcriptome was generated from a single UNM sample 
(representing one biological replicate) that contained 5% non-target BCP and tetrads, 
single TCP sample that contained 12% non-target BCP and from one BCP sample that 
contained 23% non-target UNM and TCP (Honys and Twell, 2004). Similarly, a MA-
based rice developing pollen transcriptome was generated from a single UNM sample 
that contained 5% non-target pollen, a single BCP sample that contained 20% non-target 
pollen and a single TCP sample that contained 8% non-target pollen (Wei et al., 2010).  
The sequential position of the buds containing pollen of a single stage varied considerably 
between the four plants. While this variation is likely due to non-optimal growth 
conditions such as temperature or humidity, it underscores the importance of staging the 
isolated pollen samples. Overall, work in this chapter demonstrates the feasibility of using 
LiDP isolated from multiple pollen stages to generate an RNA-Seq-based transcriptome. 
4.3.2. Assessing the LiDP technique 
 
In our preliminary analysis, a high percentage of reads in lysed pollen samples mapped 
to multiple loci (25%) and intergenic regions (20%) whereas this was less than 5-10% in 
samples not treated with MMNO (Figure 3-17). Despite this potential limitation, I 
performed the LiDP RNA-Seq to generate its transcriptome since, 1) alternative methods 
to sequence LiDP RNA were absent and, 2) since non-specific/intergenic reads can be 
filtered and discarded post-sequencing using bioinformatic tools after compensating for 
the discarded reads by increasing the sequencing depth. Accordingly, I performed MAPQ 





I also expected high-quality reads to map to genic regions of genomic DNA since the 
cDNA synthesis for preparing the low-input RNA-Seq libraries were performed in the 
presence of pollen genomic DNA. DNA contamination levels were higher in BCP and 
TCP than in UNM and PUNM which likely reflects the genomic DNA content (C) in 
these stages (Figure 4-5). Application of the Seqmonk DNA contamination removal tool 
filtered such genomic DNA reads as observed from the low-percentage of reads mapping 
to introns.  
 
The LiDP RNA-Seq data of a subset of pollen-expressed genes was compared to their 
known expression patterns during pollen development to confirm the LiDP technique’s 
ability to detect mRNAs in the samples. Virtually all the genes tested showed consistent 
expression between LiDP RNA-Seq and previous promoter:reporter data. In a number of 
cases, the male germline genes that were expected at both BCP and TCP stages were 
detected only at TCP. Similar results were observed in a test for DAT expression in LiDP 
RNA-Seq were only 12 out of 16 DATs were detected during pollen development.  
The limited capability of the low-input RNA-Seq to detect weak expression may be due 
to 1) the relatively inefficient conversion of mRNA into cDNA during library preparation 
since the results were consistent between RNA-Seq and RT-qPCR. 2) Application of the 
Seqmonk DNA contamination removal tool that may have filtered out reads of low-
expressing genes which is also consistent with the limited detection of active pollen genes 
in the LiDP transcriptome. 3) Application of a stringent value filter to prepare the 
transcriptome in which genes with over 1 RPKM in at least three of the four replicates 
were used which is more stringent than previous studies that have selected genes with 
expression in half of the biological replicates (Harrop et al., 2016). However, this is 
unlikely since considerable correlation was observed between RT-qPCR and RNA-Seq 
data. Other potential reasons could be the GFP-based assay’s greater sensitivity to detect 
weakly expressed proteins or due to greater stability and lower turnover of the target 
protein compared to its transcript in the target cell. 
The analysis of DUO1 and its target genes (including MGH3 and TIP1.5) indicated that 
germline-expressed transcripts were being detected. However, as many were not detected, 
or only detected later in development. The limited number of SC-enriched genes detected 





transcripts from the pollen containing the larger VC. Poor detection may also be due to 
relatively shallow sequencing depth at less than 20 million reads per stage. Increasing the 
number of reads may improve detection of SC transcripts. Detection of the SC-expressed 
transcripts showcases the method’s capability to lyse SCs and detect its transcripts which 
has not been done before. More importantly, this opens the possibility of using the low-
input method to investigate the transcriptome of SCs without the need for technically 
challenging FACS-based isolation of SCs.  
 
The overall number of active genes detected at the four stages were broadly similar in the 
LiDP transcriptome and in MA despite expectations of increased detection (Honys and 
Twell, 2004). The conservative gene numbers in this work is likely due to the application 
of stringent Individual probe value filter (1 RPM/RPKM in at least three of the four 
replicates) that may have removed majority of the low-expressing genes. 
Comparison of LiDP RNA-Seq transcriptome with that of MA showed mixed results. 
Broad concordance was observed between the MA and LiDP transcriptomes as large 
proportion of genes overlapped at UNM-PUNM, BCP and TCP stages. This was 51.5% 
of LiDP UNM, 51.6% of LiDP PUNM and 51.5% of MA UNM (+PUNM) and were 
enriched in genes involved in translation, embryo development, protein transport, protein 
folding, ubiquitin-dependent protein degradation and ribosome biogenesis. Enrichment 
of translation-related processes reveal the overlap of these functions between UNM and 
PUNM stages but not of pollen wall biosynthesis process that were most enriched GO 
functions in UNM DUGs (Section 4.2.4.1). 
A considerable number of genes were also found to be not similar between the two 
transcriptomes likely due to poor gene coverage of the ATH1 array, strict filtration of 
LiDP transcriptome that may have removed considerable proportion of low-expressing 
genes or due to cross contamination with non-stage specific pollen. These included 
several sperm-cell enriched genes including DAZ2, MGH3, TIP5 and DAZ3 indicating 
considerable unreported cross-stage contamination of UNM samples with TCP (Honys 
and Twell, 2004). 
About 12.5% of LiDP UNM genes were not detected in LiDP PUNM or MA UNM. The 





response to plant hormones such as jasmonic acid, salicylic acid, gibberellic acid etc 
including genes involved in pollen exine formation. About 13.6% of LiDP PUNM genes 
were not detected in LiDP UNM or MA UNM and the most enriched terms that 
characterized this subset included potassium ion transport (consistent with vacuole 
expansion), signal transduction (consistent with nuclear polarisation) and sexual 
reproduction (consistent with approaching PM I).  
FZR3 from ‘sexual reproduction’ category is transcribed and sequestered within 
Arabidopsis stem cell nucleus during mitotic prophase (Yang et al., 2017). The transcript 
is translated only after its release into the cytoplasm following nuclear envelope 
breakdown during pre-metaphase and for rapid and timely activation of APC/C. 
Sequestration of FZR3 transcripts may prevent the untimely degradation of cyclins that 
are critical for cell division. Similar mechanisms have been demonstrated in Drosophila 
and mouse cells but not in pollen or other plant cells. Further work is necessary to see if 
a similar system operates in PUNM using mRNA localisation methods such as 
fluorescent in situ hybridisation. 
4.3.3. Insights into pollen gene expression during development  
Data was also used to identify pollen-specific genes by comparing the LiDP transcriptome 
with a non-pollen transcriptome generated from RNA-Seq data from 64 Arabidopsis 
tissues. Identification of pollen-specific genes is required for the development of pollen-
specific promoters that allow functional analysis of spatial and temporal control of pollen 
gene expression. One such well-characterised pollen-specific promoter is the tomato 
Lat52 promoter that is expressed in the VC after PM I (Twell et al., 1990). 894 pollen-
specific genes were identified in the four stages of developing pollen, similar to the 800 
pollen-specific genes previously reported (Honys and Twell, 2004) and smaller than the 
over the 1400 pollen-specific genes identified earlier (Honys and Twell, 2003). It 
represents about 5% of all pollen expressed genes (19,684) and 2.7% of all genes 
predicted in the Arabidopsis genome which suggests that only a small subset of genes 
operate in a pollen-specific manner and reveals the considerable overlap between 
sporophytic and gametophytic transcriptomes. The accuracy and reliability of pollen-
specific gene estimates has improved with the development of sensitive transcriptomic 
tools (such as MA and RNA-Seq) that has allowed the development of comprehensive 





The proportion of pollen-specific genes that is expressed in each of the four stages was 
consistent with that stage’s increasing functional specialisation of developing pollen. 
Majority of the pollen-specific genes expressed in BCP immediately before PM II while 
560 were expressed in UNM. Pollen-specific genes were enriched in GO categories such 
as SCF-dependent proteasomal pathway, defence response with a preponderance of 
defensin-like family proteins, carbohydrate metabolism with glycosyl hydrolase and 
pectin lyase family proteins, signal transduction SCR-like and TIR domain family 
proteins cation transport, potassium ion transport, regulation of pH, pollen development 
and killing of cells of other organisms which suggests that pollen-specific genes are 
enriched in wide a variety of biological functions. 
The number of stage-specific genes increased from UNM (4) and PUNM (3) to BCP (12) 
and TCP (19) consistent with the increasing functional specialisation of the developing 
pollen. Of these, two were found to be highly expressed during pollen development. One 
is the UNM-specific LBD2 (AT1G06280), conspicuous by its high expression (3709 
TPM, 826 RPKM) in UNM but absent in the remaining three stages. LBD2 was also 
detected in DESeq2 analysis with 11-fold higher expression in UNM relative to PUNM 
(Section 4.2.3.7). LBD2 belongs to a 43-member plant-specific protein family with a 
conserved LOB (lateral organ boundary) domain. LOB family genes have been shown to 
regulate cell wall synthesis through NAC transcription factors like VND7 (Ohashi-Ito et 
al., 2018). They are expressed in a narrow band of adaxial cells within lateral organs and 
roots (Shuai et al., 2002) and have been suggested to define the boundaries of stem cells 
and leaf primordia to maintain their unique cell types (Shuai et al., 2002). LBD2 acts 
downstream of MYB103 (Zhu et al., 2010) that has been shown to act downstream of AMS 
(Xiong et al., 2016). 
AMS plays important role in tapetum development, callose dissolution, and exine 
formation which suggests its likely involvement in the genetic pathway (DYT1‐TDF1‐
AMS‐MS188‐MS1) that regulates pollen wall formation. The detection of LBD2 in UNM 
samples may also be due to possible tapetal contamination since the rest of the genes in 
this genetic pathway have been shown to be tapetum-enriched. A third possibility is 
simultaneous expression of LBD2 in both microspore and tapetum which is consistent 
with the expression of TDF1 in both these cell types (Zhu et al., 2008). Further work is 
necessary to verify these possibilities using RT-qPCR and fluorescent reporters, 





specific promoters, further elucidating its role in the above gene expression pathway 
using genetic analysis and finding its interaction partners using molecular tools such as 
ChIP, yeast-two hybrid assays and electro mobility shift assays. 
RNA-binding proteins play an important role in the regulation of eukaryotic development 
through post-transcriptional repression and target mRNA activation by binding to their 
3` UTRs (Wang et al., 2018). A pollen-specific RBP, PUM7 (or PUF7) was identified as 
PUNM-specific in this work with 8-fold expression in PUNM compared to BCP in 
DESeq2 analysis. While not much is known about its activity in plants, PUF7’s role in 
the animal kingdom has been well studied where its depletion in Trypanosoma cell 
nucleolus affects rRNA processing in (Droll et al., 2010). PUF7 (together with PUF5/6) 
is involved in C. elegans oogenesis where it spatio-temporally represses the translation 
of a notch receptor GLP-1 to localize its expression to anterior cells to regulate anterior 
cell fate patterning (Lublin and Evans, 2007). It is not clear what role PUF7 may play in 
pollen development, but future work can identify potential PUF7 interactors, its potential 
spatial localisation in PUNM and possible role in the polarisation and subsequent ACD. 
The proportion of genes that formed the high abundance class (expression above 100 
RPKM) decreased during early pollen development stages from UNM (3%) and PUNM 
(2%) to 1% in BCP but eventually increased four tines to 4% after PM II in TCP. This 
spike in the number of genes forming the high abundance class is consistent with 
increasing functional specialisation of the developing pollen as it prepares for pollen 
germination and fertilization. In addition, increase in transcriptional activity immediately 
following PM II is likely due to increased protein synthesize that must be completed 
before initiation of pollen dehydration in MPG. This hypothesis also agrees with previous 
report of a decline in the proportion of high-abundance class genes to 12% in UNM from 
20% in UNM. Similarly, the proportion of genes that formed the low abundance class 
(expression below 10 RPKM) declined from 36% in UNM and 35% in PUNM to 30% in 
BCP and 37% in TCP. 
4.3.4. Cluster analysis reveals a shift in transcriptomic landscape close to 
PM I 
The highest number of DEGs during pollen development were detected in pairwise 
comparisons between PUNM and BCP stages (3703) which suggested a significant shift 





division of the pollen transcriptome at PM I into an early phase and a late phase 
(Mascarenhas, 1990) (Section 1.4). Interestingly, the shift in the pollen transcriptomic 
landscape at PM I coincides with the formation of PUNM and the beginning of 
microgametogenesis after PM I (Bedinger, 1992). Bedinger suggested the existence of a 
major developmental switch at PM I that commits the developing pollen for 
gametogenesis based on a major transition in protein population during this period 
(Bedinger and Edgerton, 1990). This shift in the gene expression profile at PM I was 
reflected in the DEG cluster tree in which the four distinct stages aggregated into two 
‘super clusters’ that coincided with an early UNM-PUNM phase and a later BCP-TCP 
phase. 
However, this result is inconsistent with previous reports that revealed a shift in mRNA 
population close to PM II instead of PM I, both in Arabidopsis (Honys and Twell, 2004) 
and in rice (Wei et al., 2010). The inconsistency is likely due to the use of density-
separated samples in these two previous studies that contained considerable non-target 
UNM (12.5%) and tetrad (3.5%) in stage-enriched BCP samples that likely biased the 
BCP transcriptome towards early phase genes. The absence of a PUNM sample close to 
PM I in these studies may also have contributed to the discrepancy. 
4.3.5. Differentially expressed genes throughout pollen development 
Differential expression analysis allows the identification of genes with considerable 
activity in a specific tissue of interest. Three fatty acid pathway genes- CAC1A, KAT5 
and AAE16 known to be part of a fatty acid biosynthesis regulon were upregulated in the 
UNM DUG list. Fatty acids play critical roles in plant development as they form the 
building blocks of plasma membranes. Fatty acids participate in the formation of 
triacylglycerols that functions an energy reserve, as a source for producing leaf cuticle 
and signalling molecules such as jasmonic acid, sphingolipids and phosphatidyl inositol 
etc (Mueller-Roeber and Pical, 2002; Shah, 2005). CAC1A is highly expressed in dividing 
tissues that are actively depositing membrane lipids (Li et al., 2011). Plants with defective 
CAC1A produce aberrant pollen walls with an abnormally smooth exine surrounding the 
aperture (the pore through which the pollen germinates) (Li et al., 2011). AAE16 is a key 
fatty acid pathway gene that regulates fatty acid chain lengths (Tjellström et al., 2013). 
KAT5 (AT5G48880) is a key protein involved in peroxisomal beta-oxidation pathway 





kat5 double mutant plants grow slowly with their developing flowers produce only a 
small amount of viable pollen (Wiszniewski et al., 2014), validating the potential role of 
KAT5 in pollen development. The role the three genes play in pollen development is not 
yet known. 
UNM-stage pollen was found to be enriched in DUGs involved in sporopollenin 
biosynthesis, pollen exine formation, consistent with previous reports of sporopollenin 
genes expressed in both microspores and tapetum. One such gene is the anther-specific 
proline-rich protein APG that was found to be highly expressed in the microspore prior 
to nuclear migration and in the tapetum (Roberts et al., 1993). APG encodes a secretory 
signal peptide that is likely involved in pollen wall formation. Further investigation of 
APG gene and protein localisation using RT-qPCRs and fluorescent markers is necessary 
to pinpoint its expression in the microspore. Overlapping microspore and sporophyte 
expression was also observed for other micropore-expressed genes such BCP1 (Xu et al., 
1995) and AMS (Sorensen et al., 2003) prompting the comment that sporophytic 
expression of microspore-specific genes to be a common feature (Twell, 2002).  
PUNM stage was enriched in genes associated with translation, ribosome assembly, 
peptide biosynthesis, and ribosome biogenesis consistent with previous reports that 
suggested abundant translation factor expression during early stages of pollen 
development that declined post-PM I (Honys and Twell, 2004). It has been argued that 
pollen accumulates translation-related mRNAs in the early stages of pollen development 
for rapid protein synthesis during pollen germination and pollen tube growth (Schrauwen 
et al., 1990; Honys et al., 2000; Honys and Twell, 2004). BCP stage genes were largely 
unclassified and showed minor enrichment of genes involved in protein and cellular 
localization, intracellular transport etc. TCP stage contained categories associated with 
regulation of pollen tube growth, regulation of cell development, regulation of cell 
morphogenesis, pollen-tube growth, regulation of unidimensional cell growth, cell tip 
growth, pectin catabolic process, regulation of cell differentiation , regulation of cell 
growth, pollination etc (Figure 4-14, D). The pollen-tube growth category included 
AtPRK2 involved in pollen tube growth. AtPRK2 mutants have severely compromised 
germination (Zhao et al., 2013). Similarly, the MADS-box gene AG104 is known to be 
crucial for pollen maturation and pollen tube growth (Liu et al., 2013). The TCP GO 
categories suggest high degree of functional specialisation in gene expression as the 





4.3.6. Dynamics of core cell cycle genes revealed gene network regulating 
pollen size 
I detected 40 of the 61 core cell cycle genes in Arabidopsis. Developmental analysis of 
the 40 genes revealed at least two differentially regulated groups of core cell cycle genes 
that exclusively control either PM I or PM II (Figure 4-16). The ability of the LiDP 
method to isolate PUNM enabled us to study a small subset of the core cell cycle genes 
exclusively expressed at PUNM immediately before PM I, including the cell cycle 
regulator KRP2. KRPs are a family of cell cycle inhibitors that must be degraded by SCF 
E3 ubiquitin protein ligase complex for CDK activity that is required for cell cycle 
progression. KRP2 overexpression has been shown to inhibit G2/M-phase transition, 
significantly decreasing cell number and promote cell size expansion likely through 
vacuole-associated ATPase (DET3) activity by vacuole enlargement or cell wall synthesis 
(Ferjani et al., 2013). Since both these processes are dependent on vacuole expansion, a 
novel role for KRP2 in PUNM expansion and its polarisation can be hypothesized (Owen 
and Makaroff, 1995; Yamamoto et al., 2003). I also detected an NAC gene (NAC025) in 
PUNM at a relatively high level that has been shown to promote the expression of at least 
one expansin gene (EXPA2) involved in cell expansion (Sánchez-Montesino et al., 2019). 
Overall, these observations point to the discovery of a novel gene network that likely 
regulates its cell size and vacuole expansion in PUNM which can be developed into an 
ideal system to study plant cell size regulation due to the absence of surrounding 
symplastic cells.  
Transcripts encoding core translation factors were abundantly expressed in the early-
UNM and PUNM stages but were scarce post-PM I in BCP and TCP (Figure 4-17) 
consistent with previous reports that suggested a decline in core translation factor mRNAs 
during pollen development (Honys and Twell, 2004). Using a simple experiment, Honys 
and Twell (2004) demonstrated the uncoupling of pollen germination from transcription 
but not from translation (Honys and Twell, 2004). This suggests that translation initiation 
factors are actively synthesized during early stages of pollen germination. However, a 
discrepancy was observed in the stage at which the core translation factor expression 
declined from PM II (Honys and Twell, 2004) to PM I (this work) likely due to significant 
cross-contamination of BCP that likely biased the BCP transcriptome towards 





core translation factors that showed a decline in their expression during pollen 
development. 
I identified nearly 50% of Arabidopsis TFs in developing pollen in this work compared 
to 45% in the MA developing pollen transcriptome (Honys and Twell, 2004). Virtually 
all TF families analysed showed a highly dynamic inverse expression pattern at PUNM 
and BCP stages which was highly pronounced in the homeobox family, NAC family and 
bZIP gene family TFs. One of the two highly expressed HB gene is the HB21 which is 
involved in ABA biosynthesis. Developing pollen undergo dehydration as its water 
content decreases from 60-70% in its early stages to 40% when mature (Pacini et al., 
2011). This decrease in water potential is accompanied by the activation of a short-term 
drought survival response that involves, among other things, accumulation of the 
endogenous plant stress hormone ABA. A key rate-limiting enzyme that mediates the 
biosynthesis of ABA is the NCED3 (9-cis-epoxycarotenoid dioxygenase). Interestingly, 
HB21 detected in UNM has been shown to positively regulate the expression of NCED3 
(González-Grandío et al., 2017). I also detected NCED3 expression exclusively in BCP 
(7.2 RPKM) consistent with previous reports that showed ABA accumulation in BCP but 
not in UNM or mature pollen (MPG) stages of tobacco (Chibi et al., 1995). 
 Conclusion 
In this chapter, a comprehensive RNA-Seq-based transcriptome of developing pollen was 
generated utilizing the LiDP method developed in  Chapter 3. The LiDP method was used 
to generate the first RNA-Seq-based transcriptome of developing pollen from four 
discreet stages- uninucleate microspore (UNM), polarised uninucleate microspore 
(PUNM), late bicellular pollen (BCP) and late tricellular pollen (TCP) stages. The 
transcriptome was analysed to assess its usefulness as a valuable resource for the pollen 
biology community and the dynamics of global gene expression during pollen 
development was investigated with emphasis on PUNM stage. Analysis of the 
transcriptomic data revealed global gene expression patterns that overlapped the previous 
identification of pollen development into two distinct phases called early and late 
developmental phases. Pollen-specific and pollen-stage specific genes were identified for 





roadmap for future characterisation of pollen enriched genes, especially those from the 






 Chapter 5 : Does a promoter SNP lead to misexpression of 
DUO4 to produce mature bicellular pollen? 
 Introduction 
Having developed the LiDP method, I decided to use it to address the duo4 male gametophyte 
mutant in which the GC fails to divide. Previous attempts to investigate the duo4 mutant was 
hindered by the inability to isolate pollen from narrow developmental windows. The LiDP 
method’s ability to isolate developing pollen from narrow developmental windows from 
contiguous stages made it suitable for this study. 
A large-scale EMS- mutagenesis screen of Arabidopsis Nossen-0 (No-0) led to the discovery 
of duo4 pollen development mutant (Durbarry et al., 2005). Morphological analysis by DAPI 
staining showed ~50% of all mature pollen carrying an elongated and undivided germ cell (GC) 
indicating defective PM II, but normal PM I. Evaluation of relative DNA content in duo4 GCs 
revealed an average DNA content of 2C which suggested that cell cycle progression in the GC 
in duo4 pollen is arrested after completion of DNA synthesis in S-phase (Khatab, 2012). duo4 
GCs can fertilise the EC but cannot fertilise the diploid central cell, producing seeds with 
defective endosperm development that cannot germinate. Thus, duo4 homozygous plants are 
lethal, and the mutant lines are maintained as heterozygotes that produce pollen of which half 
carry the duo4 allele while the other half carry the WT allele.  
Genetic analysis of the duo4 mutants by reciprocal crossing revealed a transmission efficiency 
(TE) of 1-4% via the pollen donor and a TE of 100% via the ovule which suggested that duo4 
is a male gametophytic mutant (Khatab, 2012). The DUO4 gene was mapped to a 15.4 kb region 
containing eight genes on chromosome IV (Khatab, 2012). Of these, two potential gene 
candidates, CCS52A1/FZR2 (At4g22910) and CKL4 (At4g22940) were identified due to their 
involvement in cell-cycle regulation. Sanger sequencing of CKL4 (CASEIN KINASE 1-LIKE 
PROTEIN 4) from +/duo4 plants revealed two SNPs in its first exon (Khatab, 2012). However, 





lines did not phenocopy duo4 pollen and because the SC transcriptome did not show CKL4 
expression (Borges et al., 2008). Therefore, further studies focussed on CCS52A1 as it was 
expressed in the pollen. 
Khatab (2012) investigated CYCB1;1 expression in +/duo4 developing pollen since CYCB1;1 
expression is required for G2/M transition and its downregulation results in GC division arrest 
(Corellou et al., 2005). It was therefore hypothesized that DUO4 could be involved in CYCB1;1 
degradation during GC cell cycle and the duo4 mutation could be the direct result of failed 
CYCB1;1 synthesis or activity in GC, just before its entry into mitosis from G2-phase.  
To study the expression of CYCB1;1 in duo4 plants, Khatab (2012) crossed +/duo4 lines, as a 
female, to a pCYCB1;1:GFP marker line (pCYC:GFP). Developing pollen were isolated from 
seven contiguous stages of WT and pCYC:GFP plants and analysed for GFP activity using DIC 
images. First the CYCB1;1 marker was analysed in WT plants in which the marker activity was 
detected in microspore nucleus and GC nucleus close to GC division (PM II) but was not 
detected during the intervening BCP stages. CYCB1;1 is degraded after mitosis and was not 
detected at TCP. 
 
Figure 5-1: pCYCB1;1:GFP levels in WT and +/duo4 developing pollen.  
A line graph shows the frequency of cells expressing pCYCB1;1:GFP in WT (red line) and +/duo4 
(blue) developing pollen, estimated by microscopic analysis at seven contiguous stages namely UMN-
Uninucleate microspore (UNM), LMS- Late microspore (UNM/PUNM), EBC- Early bicellular (BCP), 
MBC- Mid bicellular (BCP), LBC- Late bicellular (BCP), LTC- Late tricellular (TCP), MP-Mature 
pollen.(Khatab, 2012). Equivalent acronyms used in this thesis are in parenthesis.  
Results showed a 40-50% reduction in pCYC:GFP levels in +/duo4 pollen in the late-BCP stage 
close to GC division compared to WT suggesting lower CYCB1;1 expression in duo4 plants 
(Khatab, 2012). CYCB1;1 levels are tightly controlled in dividing cells through its targeted 
degradation by the anaphase-promoting complex (APC) (Peters, 2006). Interestingly, fizzy-





et al., 1998). Overall, these results suggest potential downregulation of CYCB1;1 in duo4 likely 
due to CCS52A1/FZR2 misexpression, resulting in the GC division arrest.  
CCS52A1/FZR2 regulates cell-cycle progression by activating the anaphase-promoting 
complex/cyclosome (APC/C), an E3 ubiquitin-protein ligase that marks mitotic cyclins for 
degradation (Sigrist and Lehner, 1997; Yamaguchi et al., 1997). Sequencing of CCS52A1/FZR2 
revealed multiple SNPs in its exon and promoter of which two were considered important. A 
missense G>A SNP at +1931bp of exon 4 produced a complete CCS52A1/FZR2 protein which 
suggested that this SNP likely does not produce the duo4 GC defect (Khatab, 2012). The second 
A>T SNP at -723bp position in the E2F binding site of CCS52A1 promoter was thus considered 
a likely candidate. I hypothesised that the SNP at -723bp interferes with CCS52A1 expression 
to result in its misexpression during GC cycle (Figure 5-2) (Khatab, 2012).  
 
Figure 5-2: Schematic diagram of the CCS52A1/FZR2 gene.  
The positions of SNPs in the promoter and exon of CCS52A1/FZR2 are indicated along with the 
amplicon sequencing primers. 
Investigation of DUO4 gene expression using RT-PCR showed its abundant expression in WT 
UNM, weak expression in TCP but no DUO4 expression in BCP (Khatab, 2012). However, the 
test was limited by density centrifuged pollen samples with high cross-stage contamination that 
cannot detect subtle gene expression changes between samples (Honys and Twell, 2004).  
Investigation of DUO4 expression using pDUO4:H2B-GFP revealed its relatively high 
expression in UNM and in the VC and GC of early-BCP. In the next BCP stage, low-level 
DUO4 expression was detected in the VC alone likely to keep it mitotically inactive in the G1 
phase through cyclin degradation. Similar mechanisms of cell cycle regulation in G1 phase 
through cyclin degradation exists in Yeast (Blanco et al., 2000) and Arabidopsis root quiescent 
centre (QC) cells. At later stages, pDUO4:H2B-GFP expression was detected in TCP and in the 
SCs of mature pollen, consistent with its detection in the SC transcriptome (Borges et al., 2008). 
In contrast, weak duo4 expression in UNM and late-BCP but not in duo4 mid-BCP, which 
suggests a potential role for DUO4 in cell division (Khatab, 2012). However, GFP assays are 











not entirely reliable to estimate gene expression due to issues with slow GFP turnover that may 
result in inaccurate results. 
To investigate if misexpression of CCS52A1 is responsible for duo4 phenotype, Khatab (2012) 
transformed WT Arabidopsis with pDUO1: DUO4 construct and analysed its developing pollen 
using fluorescent microscopy. Expression of pDUO1: DUO4 in WT plants phenocopied the 
duo4 mutant as it produced mature BCP and TCP pollen in the ratio 1:1, further indicating 
possible misexpression of CCS52A1 to be responsible for duo4 phenotype (Khatab, 2012). 
To further verify if misexpression of CCS52A1 is responsible for duo4 phenotype, Khatab 
(2012) used an RNAi knockdown approach. RNAi hairpin fragments that specifically target 
CCS52A1 were expressed under the male germline-specific promoters of DUO1 and GEX2. 
Microscopic examination of mature pollen was performed by counting the number of mature 
BCP and TCP from each duo4 transformed lines. Results showed a high proportion of TCP in 
a significant number of rescued transformants, providing the most persuasive evidence for 
DUO4 misexpression as the possible reason for the duo4GC defect (Khatab, 2012). Based on 
these results, Khatab (2012) proposed a model in which inactive APC/C during G2 leads to 






Figure 5-3: A representative model for CCS52A1 levels in developing pollen.  
(A) WT CCS52A1 levels decrease during G1/S transition, thereby lowering APC/C activity to allow 
CYCB1;1 accumulation required for G2/M transition and completion of cell division. (B) Ectopic 
expression of duo4 CCS52A1 is hypothesized to produce high APC/C levels which in turn degrades 
CYCB1;1 preventing its accumulation and result in failed GC division. 
The above evidence suggested DUO4/CCS52A1 misexpression as the likely cause of the duo4 
phenotype, possibly due to early or increased CCS52A1 expression during pollen development. 
However, inability to isolate homogeneous pollen samples from narrow developmental 
windows prevented demonstration of CCS52A1 misexpression in developing pollen. CCS52A1 
misexpression or ectopic expression could not be demonstrated previously due to the failure of 
gradient centrifugation methods to isolate pollen from contiguous stages. We, therefore, used 
the LiDP isolation method to isolate developing pollen samples from adjacent and narrow 
developmental stages. 
The aim of the work in this chapter was to demonstrate and assess the usefulness of the LiDP 
method to address a duo4 pollen development mutant that requires the separation of developing 





misexpression of DUO4 may result in failed GC division in duo4 plants through early 
degradation of mitotic CYCB1;1. DUO4 expression was quantified to test this hypothesis in 
pollen stages close to and in between PM I and PM II from WT and +/duo4 plants using RT-
qPCR and Digital droplet PCR (DD-PCR). Relative expression levels of WT and duo4 alleles 
in +/duo4 plants was estimated in stages close to PM I and PM II using targeted amplicon 
sequencing. 
 Results 
5.2.1. Genotyping of +/duo4 plants 
+/duo4 and WT Arabidopsis seeds in the No-0 background were obtained from Prof. David 
Twell of the University of Leicester, UK. To confirm their genotypes and to verify the presence 
of relevant SNPs, DNA was isolated from a segregating population and analysed using ‘derived 
Cleaved Amplified Polymorphic Sequences’ (dCAPS) assay of CKL4 gene. Since CKL4 co-
segregates with the tightly linked CCS52A1/FZR2 that is responsible for the duo4 phenotype, a 
G to A mutation (GGT to AGT) in CKL4 was used as a proxy to track CCS52A1/FZR2 in the 
segregating population. 
I amplified the CKL4 region carrying relevant SNP using dCAPS primers that introduces an 
Nhe I restriction site in the amplified product (Khatab, 2012) which is then restriction digested 
and run on a high percentage gel (For CKL4 primer sequence see Appendix-1 Table A-5). WT 
and +/duo4 segregants were identified based on the number and position of the digested 
products (Figure 5-4). Samples with a single lower band identical to the WT were categorised 
as WT segregants while those with a brighter upper band and a faint lower band were 







Figure 5-4: Genotyping of duo4 and WT plants using a dCAPS marker.  
Exon 1 region of CKL4 carrying the SNP was amplified from +/duo4 segregants using dCAPS primers, 
digested using Nhe I and run on a high percentage agarose gel. The genotype of the segregants was 
identified as WT (yellow arrow) and +/duo4 (red arrow) based on the number and position of digested 
products. Expected PCR band size=199 bp. 
Sanger sequencing was subsequently used to verify the two SNPs in +/duo4 samples: the A>T 





Figure 5-5: Position of SNPs -723bp (A) and +1931bp (B) in the duo4 allele.  
Five +/duo4 plants and one WT control plant genotyped using the dCAPS assay were Sanger 
sequenced to verify the positions of the two SNP’s at -723bp (A) and +1931bp (B). The 
chromatograms with colour-coded peaks with red representing base A, green representing base 
T, orange representing base G and blue representing base C were analysed. 
Following confirmation of genotypes using dCAPS PCR and Sanger sequencing, segregating 
lines +/duo4 plants were morphologically genotyped by DAPI-staining and microscopy. 
Accordingly, I characterised plants with close to 100% TCP as WT and those containing both 
TCP and BCP in the ratio of ~1:1 as +/duo4. 
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5.2.2. Quantification of DUO4 
I tested the hypothesis that DUO4 misexpression may lead to failed GC division in duo4 plants 
by determining CCS52A1 expression level from previous transcriptomes and using RT-qPCR 
and DD-PCR. 
 
LiDP RNA-Seq data detected DUO4 expression at a low 4.7 RPKM/12.7 RPM in UNM close 
to PM I (0 RPKM/RPM in PUNM, BCP, TCP) consistent with previous RT-PCR and GFP 
results that identified DUO4 expression in microspores (Khatab, 2012). 12 RPM translates to 
about 63 reads in LiDP from a single anther since around 5 million RNA-Seq reads from each 
replicate was used for mapping. In contrast to the above results, Honys and Twell (2004) 
detected DUO4 in the MA transcriptome data in UNM (41), PUNM (162) to TCP (553) (Honys 
and Twell, 2004). 
 
The calculation of E-value and accurate interpretation of RT-qPCR results predominantly 
depends on primer quality. Therefore, I carefully designed DUO4 primers as described in 
Section 3.2.3.2.1 (Table 5-1) circumventing the amplification of the +1931 SNP on exon 4 to 
avoid its effects on RT-qPCR E-value and Tm. Two primer pairs were designed and tested. A 
standard curve generated as described earlier (Section 3.2.3.2.2) determined the E-value and 
dynamic range for two separate DUO4 primer pairs. Based on these results, I selected 
DUO4_qPCR_1 with better E-value for DUO4 RT-PCR (and DD-PCR) (See Appendix-1 Table 
A-5 for primer sequence). 
Table 5-1 Characterisation of the two DUO4 primers. 
Primer E-value Splicejunctions overlap Bases on 2nd exon Dynamic range 
DUO4_qPCR_1 1.99 Yes 9 19.67-32.20 
DUO4_qPCR_2 2.17 Yes 7 19.82-30.55 
 
Pollen samples were isolated according to the LiDP method from six WT and six +/duo4 plants 
to determine DUO4 relative expression. Pollen was harvested from three medial anthers of buds 
from -1 to -8 stage buds while the fourth anther was fixed for stage-determination by 





TCP stages were lysed according to the LiDP lysis method and directly used for cDNA 
synthesis (Table 5-2). 
Table 5-2: Pollen stages isolated to determine CC52A1 gene expression levels in +/duo4 plants. 






Rep1 -8 -7 -6 -5 -4 -3 
Rep2 -8 -7 -6 -5 -4 -3 
Rep3 -8 -7 -6 -5 -4 -3 
Rep4 -8 -7 -6 -5 -4 -3 
Rep5 -9 -8 -7 -6 -5 -4 
Rep6 -8 -7 -6 -5 -4 -3 






Rep1 -8 -7 -6 -5 -4 -3 
Rep2 -8 -7 -6 -5 -4 -3 
Rep3 -8 -7 -6 -5 -4 -3 
Rep4 -8 -7 -6 -5 -4 -3 
Rep5 -8 -7 -6 -5 -4 -3 
Rep6 -8 -7 - -6 -5 -4 
 
Based on RNA-Seq data and RT-qPCR on bulk pollen (Section 5.2.2.1), I anticipated low 
DUO4 expression. We, therefore, increase the amount of cDNA template by including random 
hexamers (in addition to oligo d(T) for reverse transcribing the LiDP lysed extract. RT-qPCR 
was performed with both the DUO4 target primer pairs (Table 5-1) and with the TONB and 
PP2A reference primers (Table 3-3). The Ct values with both TONB and PP2A reference 
primers were within the primer’s dynamic range in most of the samples, which suggested 
successful pollen lysis and cDNA synthesis (not shown).  
DUO4 Ct values in several mid-BCP samples were too low to be detected by LiDP RT-qPCR, 
which is consistent with previous RT-PCR and pDUO4:H2B-GFP results that failed to detect 
DUO4 in BCP (Khatab, 2012). Relative expression of DUO4 in WT PUNM and early-BCP 
was significantly high (p-value=0.008 and 0.03, respectively) compared to its expression in 
duo4. This result is consistent with previous GFP and RT-PCR results (Khatab, 2012) and 
RNA-Seq data and suggests a potential role for DUO4 in PM I (Section 5.2.2.1) (Table 5-3). 
Weak DUO4 expression in duo4 PUNM and early-BCP suggests strong downregulation of 
DUO4 at PM I compared to WT, likely due to the -723bp mutation in duo4 promoter (Table 
5-3). The potential role for DUO4 in PM I is however not consistent with the absence of PM I 
defects in duo4 pollen. The absence of PM I defects in duo4 pollen is likely due to the activity 











Table 5-3: Relative expression levels of duo4 in RT-qPCRs. 
Relative expression of duo4 was calculated using RT-qPCR with TonB as the reference gene. Samples that passed the dynamic range threshold are shown in green. 
Samples that did not detect any duo4 expression are shown as ND. The Ct values are in Appendix-1 Table A-1 and A-2. 
  Stage-8 (PUNM) Stage-7 (Early-BCP) Stage-6 (Mid-BCP) STAGE-5 (Mid-BCP) STAGE-4 (Late-BCP) STAGE-3 (Early-TCP) 
 WT +/duo4 WT +/duo4 WT +/duo4 WT +/duo4 WT +/duo4 WT +/duo4 
Sample 1 0.147 0.059 0.107 0.071 ND 0.032 ND 0.026 0.032 0.027 ND 0.046 
Sample 2 0.167 0.109 0.153 0.075 ND 0.031 ND 0.035 0.023 0.055 ND ND 
Sample 3 ND 0.068 0.093 0.076 ND 0.036 ND 0.029 ND ND ND ND 
Sample 4 0.169 ND 0.106 0.013 ND ND ND ND ND ND ND ND 
Sample 5 ND ND 0.068 ND ND ND ND ND ND 0.055 ND ND 







However, DUO4 expression was detected only in +/duo4 but not in WT mid-BCP (stages -6 
and -5) (Table 5-3) which is consistent with previous RT-PCR and pDUO4:GFP results in 
which DUO4 was not detected in WT BCP, further corroborating the possible DUO4 
misexpression hypothesis (Khatab, 2012). Moreover, DUO4 relative expression values were 
relatively consistent between the three biological replicates in which they were detected, 
suggesting relatively high confidence (Table 5-3). Overall, these results indicate possible 
differences in DUO4 expression in WT and duo4 pollen, consistent with the hypothesis that the 
SNP at position -723 bp leads to the duo4 phenotype 
DUO4 expression at mid-BCP stages in +/duo4 plants but not in WT suggests possible 
derepression of DUO4 likely resulting in CYCB1;1 accumulation required for GC division 
during PM II. At late BCP/PM II (stage -4), the DUO4 expression level was twice in +/duo4 
pollen than in WT (Table 5-3) which is consistent with the inhibition of pCYCB1;1:GFP at late-
BCP in duo4 pollen (Khatab, 2012) likely similar to DUO1-mediated activation of CYCB1;1 
transcription (Brownfield et al., 2009a). Overall, these results suggest likely DUO4 
misexpression in duo4 BCP, which supports the hypothesis that DUO4 misexpression results 
in failed GC division in duo4 plants. 
 
Since the RT-qPCR results suggested different DUO4 expression level in WT and duo4 pollen 
close to PMI and PMII, I decided to corroborate this using digital droplet PCR (DD-PCR). DD-
PCR reliably detects low cDNA concentrations since it is not dependent on E-value and 
dynamic ranges for analysis (unlike RT-qPCR). For DD-PCR analysis, six LiDP WT and 
+/duo4 pollen samples belonging to PMI/early BCP (Stage -7) and late BCP/PM II (Stage -4) 
stages were isolated and directly used for cDNA synthesis. I selected early-BCP stage since 
RT-qPCR revealed differential DUO4 expressed between WT and duo4 (Table 5-3); Late-BCP 
pollen was chosen due to 1) differential expression of DUO4 between WT and duo4 at this 
stage, 2) downregulation of CYCB1;1 by DUO4 at this stage and 3) duo4 being essentially a 
GC division mutant. The late-BCP stage was also selected to enable the estimation of duo4 
levels at a stage as close to PM II as possible since duo4 was hypothesized to be a PM II mutant. 
I determined DUO4 expression by estimating the number of DUO4 and TONB transcripts and 






Figure 5-6: DUO4 expression in WT and +/duo4 plants during PM I and PM II.  
LiDP samples undergoing PM I and PM II from up to six plants were isolated and used for DD-PCR 
with TONB reference primers and DUO4-specific primer (DUO4_qPCR_1). DD-PCR relative 
expression levels were calculated using the formula a/(a+b). 
The relative expression of DUO4 in early-BCP was the same in +/duo4 and WT (Figure 5-6) 
since any difference in its expression in the mutant and WT was not statistically significant 
(p=0.25). Although inter-replicate variation was generally higher in DD-PCR compared to RT-
qPCR, I detected consistently weak DUO4 expression in both the assays close to PM I in duo4, 
which was a novel and unexpected finding. I also detected numerically higher DUO4 
expression in two of the five replicate of late BCP/PM II in +/duo4 than in WT. However, this 
difference too was not statistically significant (p=0.22) and showed a high degree of inter-
replicate variation (Figure 5-6). Possible higher expression of DUO4 close to PM II is consistent 
with previous reports of lower CYCB1;1 expression at late-BCP stage (Khatab 2012) and 
supports the hypothesis that misexpression or ectopic expression of DUO4 as the likely 
responsible for failed GC division in duo4, most likely through early degradation of mitotic 
cyclins. However, further experiments with a higher number of replicates and accuracy is 
required to obtain a reliable p-value and thereby a conclusive answer. 
5.2.3. Targeted amplicon sequencing of DUO4 
To further investigate the hypothesis that DUO4 ectopic expression leads to failed GC division 
in duo4 pollen through early degradation of mitotic cyclins, the expression level of duo4 and 
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performed targeted amplicon sequencing to determine the ratio of DUO4 transcripts from the 
WT and duo4 alleles at PM I and PM II. For this, the +1931bp SNP in the duo4 exon was used 
as a molecular handle (Figure 5-2). Since the duo4 promoter with -723bp SNP drives transcripts 
carrying the +1931 SNP, relative proportions of duo4 and WT transcripts was expected to 
provide direct evidence to link the promoter SNP and duo4 mutation. If the hypothesis is 
correct, I expected higher DUO4 expression from the duo4 allele compared to WT allele at PM 
II. 
Early-BCP LiDP cDNA was isolated from two WT and two +/duo4 plants and late-BCP/PM 
II cDNA was isolated from two WT and six +/duo4 plants. Since amplicon sequencing relies 
on a representative transcript population, I used the maximum number of cDNA transcripts (as 
determined by DD-PCR) for amplicon sequencing. A two-stage PCR was performed on cDNA 
from twelve samples to amplify the DUO4 region carrying the +1931 SNP. The first-round 
PCR was performed with gene-specific primers while the second-round PCR added barcodes 
and sequencing adaptors for use in amplicon sequencing (See Appendix-1 Table A-5 for primer 
sequence). 
I mapped the reads from the twelve libraries to DUO4 No-0 sequence. Since LiDP reads were 
previously known to map to intergenic DNA (due to the presence of MMNO, Section 3.2.4.2), 
I checked if any reads mapped to introns and as expected, found a few reverse reads mapped to 
genomic DNA. However, since the reverse primer was designed to hybridise to exon five across 
an intron, reads that mapped to genomic DNA failed to reach the +1931 SNP on exon four and 
could be easily excluded (Figure 5-2). The number of cDNA-specific reads carrying ‘G’ (WT) 
and ‘A’ (duo4) at +1931 were manually counted, and the percentage of reads with ‘A’ among 







Table 5-4: Number of DUO4 transcripts from the WT and duo4 alleles. 
The total number of DUO4 transcripts (column II) were determined using digital droplet PCR whereas 
the number of transcripts with A (duo4 allele) and G (WT allele) at position +1931 were estimated 
using targeted amplicon sequencing. 
Stage Genotype 
Total number 





% of transcripts 







 WT 484 10 5741 0.2 
WT 509 15 4410 0.3 
+/duo4 304 3559 3224 52.5 










WT 161 109 6286 1.7 
WT 92 15 7987 0.2 
+/duo4 1193 3914 3600 52.1 
+/duo4 119 2614 3505 42.7 
+/duo4 60 3429 2831 54.8 
+/duo4 110 2893 3488 45.3 
+/duo4 75 1524 2363 39.2 
+/duo4 106 2116 1658 56.1 
 
The percentage of reads with base ‘A’ was negligible in WT pollen ranging from 0.2% to 1.7% 
the four samples. This low number was expected since WT plants do not contain the duo4 allele. 
Reads carrying both ‘A’ and ‘G’ at +1931 position were detected in +/duo4 samples with nearly 
half of them carrying base ‘A’ (52.5% and 52.7%) at PM I and between 39.2% to 56.1% 
(Average=48.4%) at PM II, which suggested the absence of significant differences in 
expression between duo4 and WT allele in +/duo4 pollen. Overall, these results indicate that 
DUO4 is expressed at similar levels in both WT and duo4 pollen at the two mitotic stages in 
+/duo4 pollen. 
 Discussion 
5.3.1. Suitability of LiDP isolation method for duo4 mutant analysis 
The work in this chapter demonstrates the suitability and limitations of the LiDP isolation 
method to address a duo4 pollen development mutant that required the separation of developing 
pollen into narrow developmental windows. The LiDP method enabled the separation of BCP 
into at least four separate stages (one early-BCP, two mid-BCP, one late-BCP) apart from 





centrifugation are only able to separate pollen into broad developmental windows such as 
UNM, BCP or TCP stages with a high degree of cross-stage contamination. 
Despite these significant advantages, the isolation of LiDP samples undergoing mitosis proved 
to be a challenge since it being the most rapid phase of the cell cycle, not more than two h long 
in a 24-h cell cycle and less than 50 min for PM I and PM II (Valuchova et al., 2020). 
Nevertheless, pollen samples isolated from three early-BCP and late-BCP stage anthers were 
presumed to contain some amount of pollen undergoing PM I and PM II based on microscopic 
analysis of the fourth anther. An improvement to this method is to isolate and pool the pollen 
from the four medial anthers and before using a small representative amount of it for stage 
determination. 
LiDP samples for DUO4 quantification and analysis were isolated from just six plants, each 
plant representing a single biological replicate. In contrast, a similar analysis of WT and +/duo4 
pollen separated by density centrifugation would have required 400 plants for each genotype 
and replicate (based on the estimate available from Honys and Twell, 2004) making such 
studies space-limiting and time-consuming.  
A potential limitation of the LiDP method concerned its reduced ability to detect moderate to 
low-expressed genes, as noted previously (Section 3.2.3.1). Apart from harvesting pollen from 
a single bud instead of an anther, LiDP RT-qPCR of DUO4 required further modifications due 
to its low expression in developing pollen (Section 5.2.2), for example, addition of random 
hexamers in the RT reaction for maximum cDNA output. LiDP isolation from a single anther 
is still preferable to pollen isolation from a single bud since the former allows pollen stage 
determination from the same anther. Further, LiDP isolated from a single bud is preferred to 
previously used methods such as density centrifugation (Honys and Twell, 2004). Usage of 
random hexamers is preferably avoided in gene expression studies due to possible increase in 
inter-replicate variation. However, its impact in this experiment is not clear since some duo4 
replicates generated highly consistent gene expression results while remaining undetected in 
some others (Table 5-3). These modifications are possibly less intrusive than previous methods 
to quantify gene expression from single cells or low-input samples that have used PCR 
preamplification to enrich cDNA that make the method both highly susceptible to amplification 
bias and technically challenging (Tantirigama et al., 2016; Ståhlberg and Kubista, 2018). 
Low-input pollen isolation has been previously used for microscopic analysis of developing 





developing pollen from Arabidopsis anthers for pDUO1:GFP fluorescence analysis using 
confocal microscopy (Brownfield et al., 2009a). However, this is the first time this method has 
been used to carry out elaborate molecular analysis to verify gene expression in a pollen 
development mutant. The work in this chapter also validates the LiDP chemical lysis method’s 
usefulness for molecular analysis of developing pollen, which was never been used for 
molecular analysis decades ago (Loewus et al., 1985). 
Another potential limitation of the LiDP method concerned the high inter-replicate variation 
observed in the RT-qPCR and DD-PCR results. One possible reason for this is the use of pollen 
from three anthers that could have increased sample heterogeneity with variable amounts of 
mitotic pollen having high DUO4 expression. Other possible reasons include variation in the 
ability of reverse transcriptase to detect and convert a small number of DUO4 mRNA into 
cDNA. 
5.3.2. Molecular explanation for the duo4 phenotype  
Successful G2/M-phase transition and completion of plant cell division requires the 
accumulation of mitotic CYCB1;1. CCS52A1 controls CYCB1;1 expression by activating 
APC/C, an E3 ubiquitin-protein ligase (Sigrist and Lehner, 1997; Yamaguchi et al., 1997). In 
this chapter, I show the ectopic expression of CCS52A1 in +/duo4 but not in WT pollen during 
BCP stages using RT-PCR and DD-PCR. Increased ectopic expression of CCS52A1 in duo4 
thus likely prevents CYCB1;1 accumulation resulting in the abortion of GC division in duo4 
pollen. However, the amplicon sequencing results were unclear as I did not detect significant 
differences in duo4 and WT allele expression at the two mitotic stages (PM I and PM II) in 
+/duo4 pollen which is inconsistent with a role for -723 bp SNP in the downregulation of duo4 
CCS52A1. Since this could be because of testing only two stages, future experiments should 
test duo4 CCS52A1 levels in all intermediate stages between PM I and PM II. 
The data in this work thereby supports the model proposed by Khatab (2012) in which 
CCS52A1 misexpression during BCP stages leads to the overexpression of APC/C in duo4 
pollen but not in WT. The overexpression of APC/C in turn suppresses CYCB1;1 accumulation 
which results in failed G2/M transition and the characteristic abortion of GC division. CCS52A1 
misexpression of may be due to the SNP at -723 bp in the E2F binding site of CCS52A1 






Figure 5-7: Schematic model of CCS52A1 expression in WT and +/duo4 developing pollen.  
At PUNM stage, CCS52A1 is moderately expressed in +/duo4 pollen (labelled as +/duo4 
CCS52A1;red) relative to its expression in WT (labelled WT CCS52A1; blue). Post-PM II, +/duo4 
CCS52A1 continues to express ectopically at moderate levels in contrast to WT CCS52A1 which 
declines to negligible levels at mid-BCP. At late-BCP (close to PM II), +/duo4 CCS52A1 expression 
levels rise mildly only to decline post-PM II. In contrast, +/duo4 CCS52A1 expression level rises 
considerably to form a significant peak at early-BCP stage. The cell cycle stages that overlap with 
specific developmental stages are shown below. Accordingly, PUNM overlaps with G2-phase of 
micropore nucleus, early-BCP overlaps with G1-phase; mid-BCP overlaps with S-phase, late-BCP 
overlaps with G2-phase and TCP overlaps with G1-phase of the GC cycle. 
Changes in APC/C expression has been shown to interfere with CYCB1;1 regulation in cell 
cycle in other organisms including non-plant systems. For example, overexpression of 
Medicago CCS52 in yeast triggered CYCB1;1 degradation and cell division arrest resulting in 
endoreplication and cell expansion (Cebolla et al., 1999). The Drosophila regulator of cyclin A 
(RCA1) prevents CYCB1;1 degradation by reducing APC/C expression during cell division. 
Defective rca1 mutants showed premature CYCB1;1 degradation which resulted in constitutive 
APC/C activity that prevented CYCB1;1 accumulation in G2-phase (Grosskortenhaus and 




































Sprenger, 2002). In the absence of RCA1 homolog EMI1 (early mitotic inhibitor), Drosophila 
embryos fail to enter mitosis due to premature CYCB1;1 degradation (Reimann et al., 2001). 
In Medicago sativa (Tarayre et al., 2004) and synchronised cell suspension cultures of 
Arabidopsis (Fülöp et al., 2005), CCS52 is expressed through G1-phase until early G2-phase 
with a mild increase at S-phase. In addition, rca1/emi1 mutants continue to undergo DNA 
synthesis without mitosis, which suggests regular CCS52A1 activity until early G2-phase. These 
evidence show that ectopic expression of CCS52A1 throughout G2 is sufficient to cause 
CYCB1;1 degradation (Di Fiore and Pines, 2007). 
Results from this chapter will allow further investigation duo4 pollen. For example, LiDP RT-
qPCR can be used to detect CYCB1;1 and CCS52A1 expression level in +/duo4 developing 
pollen (after pre-amplification) to corroborate previous results from GFP analysis. Introducing 
the CCS52A1 promoter SNP in WT Arabidopsis (created using CRISPR or base editing) can 
be used to check if the SNP-carrying plant can phenocopy duo4 pollen. To further test the role 
of mutant CCS52A1 in its misexpression, mutated CCS52A1 promoter can be cloned and its 
expression can be tested and compared to previously determined CCS52A1 promoter 
expression pattern. Misexpression of the mutated promoter results compared to WT CCS52A1 
promoter, can demonstrate the role of the promoter mutation in CCS52A1 misexpression. 
 Conclusions 
The LiDP isolation method was used to address the duo4 male gametophyte mutant in which 
the GCs fail to divide. I successfully demonstrated the LiDP method’s ability to address a duo4 
mutant by separating developing pollen into narrow developmental windows such as PUNM, 
early-BCP, mid-BCP, late-BCP and early-TCP. RT-qPCRs, DD-PCR and targeted amplicon 
sequencing was successfully performed on pollen from these samples. To test the hypothesis 
that DUO4 misexpression could be involved in CYCB1;1 degradation during GC mitosis, RT-
qPCRs and DD-PCRs were performed to determine CCS52A1 expression level in +/duo4 
plants.  
Results from our work supported this hypothesis with higher CCS52A1 in duo4 BCP stages 
compared to WT. CCS52A1 expression was also detected at lower and higher levels in pollen 
close to the PM I and PM II, respectively. The expression level of duo4 and WT alleles close 
to the PM I and PM II stages were estimated separately in +/duo4 plants using targeted 





duo4 and WT alleles at these two stages. Further investigations are necessary to determine duo4 






 Chapter 6 : Concluding remarks 
 Introduction 
When I started the work for this thesis in 2015, a reliable method to isolate pure and 
homogeneous developing pollen for molecular analysis was not available. The most widely 
used method to isolate developing pollen for molecular analysis was based on a gradient 
centrifugation method that required isolation of pollen from several plants and suffered from 
significant cross-stage contamination. This method was used in 2004 to generate a MA-based 
transcriptome of developing Arabidopsis pollen (Honys and Twell, 2004). While the MA-based 
transcriptome made significant contributions to our understanding of pollen development and 
helped characterise several genes involved in pollen development and regulation, the method 
suffered from multiple issues relating to sample homogeneity, cross-stage contamination, and 
from the need for bulk amounts of pollen from numerous plants. Meanwhile, the inability of 
the method to isolate pollen from a narrow developmental window prevented its use in 
generating a transcriptome based on the more sensitive and technologically advanced RNA-
Seq method. As a result, the only RNA-Seq-based pollen transcriptome available was from 
mature pollen that can be harvested relatively easily from open flowers of multiple plants 
(Loraine et al., 2013; Chettoor et al., 2014). Thus, pollen research required an updated method 
to isolate developing pollen samples for gene expression studies. 
 An LiDP method was developed to isolate pure and 
homogeneous pollen 
It is in this context that I started the work in Chapter 3 with three primary aims namely, 1) to 
develop and test a novel method for isolating pure developing pollen belonging to a narrow 
developmental window, 2) to develop and test a non-destructive pollen lysis method, and 3) to 
check if the lysed pollen extracts can be directly used for gene expression assays such as RT-





The work in this thesis was exclusively carried out on Arabidopsis pollen that has long served 
as a model organism for molecular analysis of plant development. While the broad reproductive 
strategies and morphologies may vary from species to species, the molecular genetics behind 
these processes are likely to be similar. As a result, studies carried out on pollen development 
in Arabidopsis can easily be translated into other plant species including crops with zero or 
minor modifications. For example, a PhD student in our lab has already used the LiDP method 
successfully to analyse kiwifruit developing pollen (personal communication). Further, efforts 
to publish the method is underway which will make it available for the larger research 
community. The LiDP protocol currently in Appendix 2 will also be shared in the publication 
as supplementary material. 
To isolate homogeneous pollen from a narrow developmental window, I decided to harvest the 
developing Arabidopsis pollen sample from a single anther (Section 3.2.1.1). Isolation of pollen 
from a single anther offers several advantages over isolating them in bulk from several 
inflorescences. For example, the developing pollen transcriptome generated by Honys and 
Twell (2004) required bulk pollen from 400 plants, making this method unsuitable for 
experiments such as comparative transcriptomics of pollen that requires the analysis of a variety 
of samples, for example from multiple plant accessions subjected to several environmental 
conditions such as heat and drought (Honys and Twell, 2004). The method will allow rapid 
analysis of T1 line without having to wait another generation to produce bulk amounts of pollen 
sample material. The method will also enable the analyses of several different mutant lines with 
different sites of T-DNA integration. 
Since pollen from a single anther has been suggested to be relatively asynchronous (Carrizo 
García et al., 2017), pollen harvested from a single anther may be more accurately described as 
‘partially homogeneous’. However, this developmental asynchronicity of pollen from a single 
anther is not visible at a morphological level when observed under a microscope during most 
pollen stages but are visible only when the pollen is close to PM I and PM II and undergoing 
rapid morphological changes. Despite the partial homogeneity, pollen from a single anther 
belongs to a narrow developmental window which is a significant advancement over previous 
methods. I called this method low-input developing pollen (LiDP) method to signify the number 
of pollen harvested in each sample which is intermediate to a single cell and a bulk sample. 
The pollen isolated using the LiDP method from single anthers was however contaminated with 
non-pollen transcripts likely due to damage to cells when removing the pollen, that could 





washing step to remove the contaminating transcripts which was successfully tested using the 
tapetum-enriched gene, LTP12 (Section 3.2.1.2). Results from RT-PCR and RT-qPCR showed 
that the washing step successfully removes contaminating transcripts of LTP12 (and by 
extension likely transcripts of all genes) from the pollen sample. However, it is still possible 
that remnants of certain low-expressing tapetal genes continue to be present in the pollen 
sample, but are below the detection limit of PCR. This possibility must be considered since I 
detected the expression of several pollen wall development genes in the developing pollen 
transcriptome, especially at the UNM stages (Figure 4-14, A), that were previously suggested 
to express exclusively in the tapetum. While this may suggest the possibility of simultaneous 
expression of pollen wall development genes in both the tapetum and the microspore, (as 
suggested by previous authors such as Heslop‐Harrison (1968) and Owen and Makaroff, 
(1995)), further experiments using GFP markers are necessary to verify if pollen wall 
development genes are indeed expressed in the microspores.  
Conventional methods popularly used for pollen lysis are designed to lyse bulk amounts of 
pollen and therefore cannot be used to lyse fewer than 200-500 pollen. While enzymatic 
methods to dissolve pollen walls can be used for low-input pollen samples, they are unsuitable 
for molecular analysis due to their long incubation periods that may result in gene expression 
artefacts. We, therefore, tested the ability of a pollen-wall lysing chemical called MMNO 
(Loewus et al., 1985) to lyse pollen and found it to be effective in lysing over 90% of treated 
pollen samples. I then checked if the pollen lysis condition had any impact on the quality of 
pollen RNA. I discovered that the pollen lysis condition in the presence of MMNO (Section 
3.2.2.1) did have a mild effect on RNA integrity (Die and Román, 2012). Despite the partial 
degradation, the quality of the treated RNA was above the threshold limit for RNA-Seq and 
was considered satisfactory for use in generating the developing pollen transcriptome (Section 
3.2.2.2). The use of MMNO is potentially an advantage as the chemical is easily available and 
can be reliably replicated in other laboratories without the need for difficult optimizations 
(unlike gradient centrifugation).  
I then demonstrated the direct use of lysed pollen extract for cDNA synthesis and RT-qPCR 
along the lines of single-cell RT-qPCR without using a pre-amplification step (used in 
conventional single-cell RT-qPCRs) to save time/resource and to reduce potential amplification 
bias. LiDP RT-qPCRs could not however be performed on pollen from a single anther since 





the amount of pollen template using additional pollen from up to three anthers (Section 
3.2.3.3.2). 
Since the LiDP RT-qPCR is performed directly on lysed pollen extracts that (apart from 
mRNA) contain MMNO, gDNA and other pollen debris, I tested if these contaminants affected 
the RT-qPCR by calculating their amplification efficiency (E-value). Contaminants such as 
MMNNO, gDNA and other pollen debris had no or negligible effect on the RT-qPCRs at the 
concentrations tested (Section 3.2.3.2.3). I further demonstrated that RT-qPCRs could be 
reliably performed on MMNO-lysed LiDP samples by amplifying select pollen-enriched genes 
from LiDP samples (Section 3.2.3.3.4). Alternatively, the template amount can be raised using 
a pre-amplification step, but I did not adopt this method to avoid potential amplification bias. 
Currently, RT-qPCR of developing pollen is performed on samples prepared using gradient 
centrifugation that suffers from considerable cross-stage contamination and other issues (as 
mentioned earlier). LiDP RT-qPCR is, therefore, a significant advancement that can contribute 
to targeted gene expression studies of specific pollen development stages. 
The LiDP method was initially conceived to build a developing pollen transcriptome. We, 
therefore, tested if RNA-Seq can be performed on MMNO-lysed pollen extract. I discovered 
that high Mg2+ levels in the cDNA synthesis reaction affect the RNA-Seq mapping quality 
(Section 3.2.4.1). I also found that pollen lysis using MMNO reduces the percentage mapping 
of RNA-Seq reads to coding regions (Section 3.2.4.2). However, such reads can be removed 
during bioinformatic analysis using appropriate filters and was not considered a significant 
limitation of the LiDP RNA-Seq. An alternative solution to reduce the impact of MMNO-based 
pollen lysis on RNA-Seq mapping quality would be to purify the pollen lysate before cDNA 
synthesis. This was recently demonstrated in the development of single sperm cell 
transcriptome in which sperm cell mRNA was purified using magnetic beads and used for 
single-cell RNA-Seq (Misra et al., 2019). I are currently generating a second version of the 
LiDP transcriptome by adopting the magnetic bead purification step. 
 A novel RNA-Seq-based transcriptome of Arabidopsis LiDP  
Having completed the objectives of Chapter 3, I set out to build a comprehensive RNA-Seq-
based transcriptome of developing Arabidopsis pollen utilising the LiDP method in Chapter 4. 
For this, LiDP samples from four discreet stages of pollen development were selected in such 





transcriptomes reported from Arabidopsis, rice, maize etc that focussed on generating the 
transcriptomes of more stable stages such as mature pollen, TCP, BCP and UNM the LiDP 
transcriptome (apart from UNM, BCP and TCP) included the highly transient PUNM stage 
which was made possible by the LiDP method’s unique ability to isolate pollen from extremely 
narrow developmental windows. Isolation of PUNM, the stage at which developing pollen 
undergoes asymmetric division, a key event that specifies the different fates of the VC and GC 
(Twell et al., 1998), will crucially open the molecular study of key genes that initiate the process 
that determines cell polarity, asymmetric division and the subsequent differentiation events 
which define vegetative and germ cell fate. Significantly, isolation of PUNM using the LiDP 
method will allow comparative transcriptomic analysis of mutants with disrupted asymmetric 
division such as gemini pollen (Park et al., 1998), sidecar pollen (Chen and McCormick, 1996) 
etc that may result in the identification of their upstream and downstream regulators.  
To further investigate the dynamics of pollen gene expression at four discreet stages and to 
identify critical genes regulating pollen development, differential expression analysis was 
performed using DESeq2 (Love et al., 2014). The DESeq2 analysis identified a broad shift in 
the gene expression landscape between the early UNM-PUNM stage and the later BCP-TCP 
stage at PM I consistent with previous reports of PM I dividing pollen gene expression and 
development into an early phase and a late phase (Mascarenhas, 1990; Bedinger, 1992). The 
early phase of pollen development begins with the formation of the unicellular microspore and 
ends with its vacuolisation and polarisation at the PUNM stage while the late phase of pollen 
development subsequently begins post-PM I until pollen maturity. These results demonstrating 
the division of pollen gene expression into an early and a late phase was also consistent with 
the cluster analysis that grouped the DEGs from the four pollen stages into two distinct 
superclusters, one comprising UNM and PUNM coinciding with the early phase and a second 
cluster comprising BCP and TCP coinciding with the late phase (Section 4.2.4.2). 
Predominant biological functions in each of the four pollen development stages were identified 
using GO analysis (Blake, 2013). The UNM stage was enriched in genes involved in 
sporopollenin biosynthesis, wall formation, pollen wall assembly and fatty acid biosynthesis 
process (Figure 4-14, A). I initially wondered if the predominance of pollen wall-related genes 
in UNM could be due to tapetal contamination of UNM samples since sporopollenin genes have 
been suggested to be exclusively expressed in the tapetum (Xu et al., 2010, 2014). However, I 
soon learned that several microspore-expressed genes such as APG (Roberts et al., 1993), BCP1 





investigation of these and other UNM-enriched genes using fluorescent markers (such as GFP) 
is necessary to identify their localisation and function in pollen development. GO analysis also 
revealed the enrichment of translation, ribosomal and protein synthesis genes in PUNM stage 
consistent with previous reports that suggested increased transcription of translation-related 
genes during the early phase of pollen development before PM I (Honys et al., 2000; Honys 
and Twell, 2004). Early accumulation of translation-related mRNAs is necessary for the rapid 
growth of the pollen tube during pollen germination. 
Among the BCP stage DUGs that were primarily categorised as ‘unclassified proteins’, I 
identified metabolic pathways enriched in ACS11 that is involved in the rate-limiting 
conversion of the metabolite ACC to ethylene (Sato and Theologis, 1989). Ethylene is an 
important hormone that plays a crucial role in pollen heat tolerance which is an essential 
agronomic trait (Jegadeesan et al., 2018). Targeted overexpression of the rate-limiting ACS11 
utilising BCP-specific promoters may be beneficial in increasing heat tolerance in developing 
pollen, an important agronomic trait. A majority of the TCP DUGs were enriched in pollination-
related genes as expected. Several genes involved in pollen tube growth and pollination such 
as AtPRK2 (Zhao et al., 2013) and AG104 (Liu et al., 2013) were identified which suggests a 
high degree of functional specialisation of TCP stage pollen. 
I identified a total of 19,684 genes across the four stages of developing pollen selected in this 
work. This is significantly higher than the average of 6044 genes reported using MA analysis 
from developing pollen samples (Honys and Twell, 2004; Pina et al., 2005; Schmid et al., 2005; 
Wang et al., 2008; Borges et al., 2008). The number of pollen genes reported in these 
publications ranged widely from 3954 to 7235 genes likely due to variations in the Arabidopsis 
accessions used, desiccation state of the pollen used, collection method of sample, and the 
advancement of algorithms used. A significant achievement of the LiDP transcriptome has been 
the identification of 894 pollen-specific genes, amounting to 4.5% of the 19,684 genes detected 
in developing pollen, consistent with estimates reported previously (Boavida et al., 2005). Of 
these 894 pollen-specific genes, 560 were expressed in the UNM, 628 in PUNM, 834 in BCP 
and 803 in TCP. Manually curating the list of 894 pollen-specific genes produced a shorter list 
of 203 genes that will be further verified using RT-qPCRs and fluorescent markers and will be 
used for the development of pollen-specific promoters. Overall, these results revealed the 
unique composition of the developing pollen transcriptome and a striking increase in total 
number of genes expressed in developing pollen compared with sporophytic tissues and 





stomatal guard cells (13,222 genes; Bates et al., 2012), young anthers (18,758 genes), mature 
anthers (17,965 genes), shoot apical meristem (15525 genes), mature leaf (17849 genes) and 
root apex (18,443 genes) (Figure 4-11) (Klepikova et al., 2016). Finally, several pollen-stage-
specific genes were also identified at UNM, PUNM, BCP and TCP stages for the first time that 
can be used for the development of targeted molecular tools for studying pollen development. 
The first RNA-Seq-based transcriptome of mature pollen that overcame the limitations of MAs 
such as promiscuous probe sets and gene models reported the expression of 4172 protein-coding 
genes (Loraine et al., 2013). Since this estimate was much lower than the previous estimates 
(RNA-Seq analyses are expected to detect greater number of genes due to their increased 
sensitivity and higher detection limits), Loraine et al. (2013) reworked the highly conservative 
threshold used (five reads per million (RPM) and removal of reads mapping to multiple 
locations in the genome assembly) and published a reprocessed value of 6722 genes including 
6473 protein coding genes expressed at 1 RPKM or above. While this is greater than the average 
number of pollen-expressed genes (6044) detected using ATH1 arrays, the exercise 
demonstrates the dependence of RNA-Seq results on the parameters used for statistical analysis 
and emphasises the significance of lab-based experiments for validation of such results. Taking 
a cue from the reprocessing of data performed in this work (Loraine et al., 2013), the 19,684 
genes detected across the four stages of the LiDP transcriptome can be further reduced by 
increasing the stringency of the IPV filter, by either raising the lower threshold limit from 1 to 
5 or by selecting gene candidates that is expressed in all four replicates. Inspired by the work 
published by Honys and Twell (2004), I used the LiDP transcriptome to investigate the 
expression dynamics of a variety of pollen development genes involved in core cell cycle 
regulation, transcription, and translation (Section 4.2.6). The effort led to the detection of novel 
gene expression patterns and resulted in the identification of several pollen-enriched genes 
(including 21 pollen-specific TFs) that likely play crucial roles in pollen development. The 
analyses showed an inverse relationship in the expression of core cell-cycle transcripts between 
PUNM and BCP stages (Section 4.2.6.1) and a decline in the abundance of translation factor 
transcripts from early phase to stages immediately following PM I (Section 4.2.6.2). Further 
analysis of the novel genes identified in this thesis will play an important role in advancing our 
understanding of pollen development in Arabidopsis. 
Comparing the Arabidopsis LiDP transcriptome with pollen transcriptomes of other species 
revealed broad similarities. The proportion of genes expressed in Arabidopsis developing 





pollen (Wei et al., 2010), 33%- 45.5% genes identified (depending on the study) in Maize pollen 
(Ma et al., 2008; Davidson et al., 2011; Chettoor et al., 2014), 57.5% (of 44K array) in tobacco 
developing pollen (Bokvaj et al., 2015), 27.5% in Soybean pollen (Haerizadeh et al., 2009) and 
60% (of 30K array) in Grapevine pollen (Fasoli et al., 2012). Interestingly, the number of genes 
estimated in this work is closer to the 20,000 predicted to express in pollen based on poly(A) 
RNA-DNA association kinetic (R0t) analysis in Tradescantia (Willing and Mascarenhas, 1984) 
which was initially considered an overestimation (Honys and Twell, 2003). 
However, comparing transcriptome sizes of species identified using various technologies and 
processed with different bioinformatic tools is susceptible to a large margin of error as they are 
heavily influenced by sample type and quality, data processing algorithms used and threshold 
filter values. For example, the Honys and Twell (2004) estimates include genes from mature 
pollen which was not included in this work. The number of genes estimated to express in mature 
pollen by Loraine et. al., (2013) varied widely from 4172 to 6473 depending on the application 
of stringent (5 RPM) and lax (1 RPKM) filter, the use of RPKM count metric having produced 
another level of variation considering its known limitations in comparing data between samples. 
The number of genes predicted to express in rice pollen is dependent on the coverage of the 
rice GeneChip and included both mature and germinating pollen samples. RNA-Seq-based 
estimates of pollen-expressed gene numbers in rice is influenced by the lower threshold values 
used and the stringency of replicate filters applied. While the number of genes estimated to 
express in Tradescantia pollen is similar to that from this work, the total number of genes in 
Tradescantia genome is not known. Considering the above limitations, multiple count metrics- 
RPM, RPKM, TPM and raw counts were generated in this work that were then used for specific 
objectives. For reliable cross-species comparison, comparative transcriptomics of developing 
pollen must be performed in the future on LiDP isolated from multiple species that must be 
processed, mapped, analysed using a common RNA-Seq pipeline. Adoption of the low-input 
method allows such comparative transcriptomic experiments to be performed on a small-scale 
using few plants. 
MA analysis of developing rice pollen using the 57 K Affymetrix Rice Genome Array 
demonstrated a progressive decline in the number of genes expressed across the stages, from 
14,590 genes in UNM to 5939 genes in mature pollen. As observed in the case of Arabidopsis, 
the rice pollen transcriptome was also found to be highly reduced compared to the sporophyte, 
where 17,383 genes were detected in roots and 17,242 in leaves. However, the pattern of gene 





UNM and BCP transcriptomes and TCP and MPG stages which led the authors describe a ‘U-
type’ pattern of pollen gene expression in rice and Arabidopsis (Wei et al., 2010; Rutley and 
Twell, 2015). However, this proposition is inconsistent with the results from this work where 
strong correlation was observed between the UNM and PUNM stages and between the BCP 
and TCP stages. The U-type expression pattern observed in both Arabidopsis and rice could be 
due to the identical gradient centrifugation method that has been shown to generate cross-
contaminated UNM and BCP samples. This improved method of pollen stage separation and 
the ability to isolate the PUNM stage made possible with the LiDP method has led to the 
improved resolution of developing pollen gene expression. 
Epigenetic reprogramming comprised of DNA methylation and histone modifications are 
important for pollen development and sexual reproduction in plants (Borg and Berger, 2015). 
The DAT MGH3 (HTR10) is an H3.10 variant that is specifically expressed in the GC and SC 
and has been shown to be critical for SC chromatin condensation (Okada et al., 2005). I detected 
MGH3 exclusively in the LiDP TCP consistent with its previously reported germline-specific 
expression, further validating the LiDP transcriptomic data’s usefulness as a valuable resource 
for the pollen research. Recently, Khouider et al., (2021) demonstrated the role of DME and 
ROS1 working semi-redundantly in the VC to demethylate DNA to ensure male fertility and 
pollen tube development. Both DME and ROS1 were detected in the LiDP transcriptome at all 
four stages studied but DME levels in the BCP stage were unusually high compared to the other 
three stages (UNM= 15, PUNM=9, BCP=23 and TCP=5 RPKMs). Interestingly, the increased 
activity of DME in BCP and the subsequent hypomethylation of VC (Ibarra et al., 2012) may 
be contributing to the increased number of genes detected in the LiDP transcriptome at the BCP 
stage (Figure 6-1). The LiDP method due to its ability to isolate pollen from narrow 
developmental stages can be used to further study the methylation profiles of developing pollen. 
The pollen specific-genes identified in this work can lead to the development of pollen-specific 
promoters that can be used for targeted expression of agronomically significant genes such as 
those responsible for heat or drought tolerance in developing pollen (Honys et al., 2006; 
Estrada-Melo et al., 2015). The LiDP method developed in this thesis if be applied on non-
model plants will allow the generation of developing pollen transcriptomes from hundreds of 
economically important plant species. For example, a PhD student in our lab has already applied 
the LiDP method to isolate developing pollen from kiwifruit anthers and has successfully 
generated a reliable transcriptome of the developing kiwifruit pollen following suitable 





Seq library preparation resulted in improved results) (personal communication). The 
transcriptomic data generated in this thesis will be accessible to the pollen biology community 
through the Otago University PhD thesis repository, on the website of the peer-reviewed paper 
when this work is accepted for publication and eventually in the NCBI Sequence Read Archive 
(SRA). 
 DUO4 misexpression results in a GC division mutant 
After demonstrating the LiDP method’s usefulness in generating global gene expression data, 
I wanted to assess if the method can be used to address a pollen development mutant that was 
the result of a single dysfunctional gene. For this, I used a duo4 germ cell division mutant that 
was likely the result of CCS52A1 misexpression in the germ cell (Khatab, 2012). However, 
demonstration of CCS52A1 misexpression in developing pollen was hindered by the inability 
to isolate homogeneous pollen from contiguous and narrow developmental stages. The 
development of the LiDP method that is capable of isolating developing pollen from narrow 
developmental stages provided the right tool to study the duo4 mutant.  
Using LiDP RT-qPCR, I show that DUO4 is expressed at relatively higher levels in the BCP 
stages of +/duo4 pollen but not in WT pollen which is consistent with the hypothesis that DUO4 
is misexpressed at BCP in duo4 pollen. However, targeted amplicon sequencing of WT and 
duo4 transcripts in +/duo4 stages close to PM I and PM II revealed a 1:1 ratio between the two 
transcripts. Since duo4 expression analysis was hindered by its weak expression in developing 
pollen, pre-amplification will be used to enrich the transcripts before its amplification by RT-
qPCR. Overall, these results demonstrated the utility of the LiDP method to address gene 
expression in specific stages of a pollen development mutant. 
 Conclusion 
The work in this thesis has produced a developing pollen transcriptome that would enable a 
better understanding of its gene expression that will serve as a valuable resource for the pollen 
biology community. The development of the LiDP method will open the possibility of 
generating the developing pollen transcriptomes of agronomically important crops species such 
tomato, rice, maize etc and will contribute to the development of transgenic crops with 





culture (androgenesis) and better understand the phenomenon of totipotency that has not been 
explored before. The LiDP method will also allow the targeted study of gene expression in 
specific pollen development stages, as demonstrated in Chapter 5. The LiDP method and the 
LiDP transcriptome will have a significant impact on the pollen research in the days to come. 
Further investigation of the duo4 GC division mutant will enable a better understanding of the 
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Appendix-1 Figure A-1: Standard curves of four primers.  
Standard curves were prepared from cDNA templates generated from DNase- treated RNA prepared 
from young Arabidopsis seedlings. The cDNA was used to amplify the four genes by RT- PCR (Table 
3-1). The products of the RT-PCR were purified with a PCR purification kit and serially diluted to 
produce eight input concentrations (dilution factors or DF). RT-qPCRs were performed on each of 
these DFs in triplicates to calculate the Ct values by the ‘Absolute quantification by second derivative 
maximum’ method. The Ct values were plotted on the y-axis against the log10 (DF) on the x-axis to 
generate a standard curve. The E-values were calculated from the standard curve slopes (see Table 
3-1) 
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Appendix-1 Figure A-2: Melting peaks of primers. 
Melting peaks were generated using the Roche LightCycler 480 program from RT-qPCRs of TON B 






Appendix-1 Table A-1: Ct values of CCS52A1 RT-qPCR from six WT pollen samples (biological replicates). 
CCS52A1 Ct values were calculated using duo4 and TONB primers throughout pollen development. Ct values within the dynamic range of respective primers are 
highlighted in green. 
  Stage-8 (PUNM) Stage-7 (Early-BCP) Stage-6 (Mid-BCP) STAGE-5 (Mid-BCP) STAGE-4 (Late-BCP/PM 2) STAGE-3 (TCP) 
  duo4 TONB duo4 TONB duo4 TONB duo4 TONB duo4 TONB duo4 TONB 
Sample 1 26.95 22.6 28.98 24.06 32.7 25.65 34.04 25.51 30.12 23.44 32.47 25.03 
Sample 2 28.05 23.8 28.55 24.15 33.31 25.25 32.34 25.16 31.14 23.95 32.68 24.62 
Sample 3 32.39 26.81 31.87 26.57 32.36 25.53 45 30.19 35.31 25.53 34.77 26.01 
Sample 4 27.77 23.55 28.03 23.16 33.71 25.89 37.51 26.73 33.55 25.35 32.93 24.99 
Sample 5 30.16 26.96 30.58 24.92 38.67 26.88 45 27.02 32.7 25.94 34.48 26.75 
Sample 6 32.33 25.77 28 24.05 33.27 27.33 35.59 27.51 32.64 25.15 33.82 26.23 
 
Appendix-1 Table A-2 Ct values of CCS52A1 RT-qPCR from six +/duo4 pollen samples (biological replicates)  
CCS52A1 Ct values were calculated using duo4 and TONB primers throughout pollen development. Ct values within the dynamic range of respective primers are 
highlighted in green. 
  Stage-8 (PUNM) Stage-7 (Early-BCP) Stage-6 (Mid-BCP) STAGE-5 (Mid-BCP) STAGE-4 (Late-BCP/PM 2) STAGE-3 (TCP) 
 duo4 TONB duo4 TONB duo4 TONB duo4 TONB duo4 TONB duo4 TONB 
Sample 1 28.36 22.65 28.99 23.49 30.66 23.95 29.83 22.88 31.97 24.93 31.22 24.99 
Sample 2 28.63 23.75 28.19 22.81 30.23 23.47 30.85 24.26 27.56 21.79 45 28.88 
Sample 3 28.26 22.76 28.93 23.53 31.23 24.65 31.79 24.88 34.8 28.53 35.38 27.7 
Sample 4 45 27.83 31.98 23.96 32.84 25.99 35.89 26.57 32.82 26.53  28.29 
Sample 5 35.27 25.68 34.96 26.58 37.28 28.93 39.56 29.13 30.54 24.58 35.55 29.16 







Appendix-1 Table A-3: Relative expression levels of CCS52A1 in +/duo4 and WT plants (DUO4_qPCR_1 vs TONB) 
  Stage-8 (UNM) Stage-7 (PUNM) Stage-6 (BCP) STAGE-5 (BCP) STAGE-4 (BCP/PM II) STAGE-3 (TCP) 
  WT +/duo4 WT +/duo4 WT +/duo4 WT +/duo4 WT +/duo4 WT +/duo4 
Sample 1 0.147 0.059 0.107 0.071 0.028 0.032 0.010 0.026 0.032 0.027 0.021 0.046 
Sample 2 0.167 0.109 0.153 0.075 0.014 0.031 0.025 0.035 0.023 0.055 0.013 0.000 
Sample 3 0.078 0.068 0.093 0.076 0.032 0.036 0.000 0.029 0.004 0.053 0.009 0.020 
Sample 4 0.169 0.000 0.106 0.013 0.017 0.032 0.002 0.006 0.013 0.048 0.015 NA 
Sample 5 NA 0.005 0.068 0.012 0.001 0.013 0.000 0.003 0.034 0.055 0.018 0.050 
Sample 6 0.039 0.022 0.206 0.026 0.062 NA 0.015 0.013 0.020 0.068 0.020 0.047 
Average 0.120 0.044 0.122 0.045 0.026 0.029 0.009 0.019 0.021 0.051 0.016 0.033 
Median 0.147 0.041 0.107 0.048 0.022 0.032 0.006 0.019 0.022 0.054 0.017 0.046 
p-value 0.045 0.012 0.740 0.166 0.002 0.164 
 
Appendix-1 Table A-4: Relative expression levels of CCS52A1 in +/duo4 and WT plants (DUO4_qPCR_1 vs mean of TONB and PP2A) 
 Stage-8 (UNM) Stage -7 (PUNM) Stage -6 (BCP) Stage -5 (BCP) Stage -4 (BCP/PM II) Stage -3 
  WT duo4 WT duo4 WT duo4 WT duo4 WT duo4 WT duo4 
Sample 1 0.382 0.151 0.280 0.171 0.102 0.131 0.051 0.135 0.199 0.164 0.130 0.282 
Sample 2 0.275 0.342 0.333 0.243 0.052 0.168 0.097 0.208 0.160 0.279 0.077 0.000 
Sample 3 0.128 0.211 0.173 0.187 0.086 0.150 0.000 0.121 0.020 0.131 0.045 0.072 
Sample 4 0.218 0.000 0.272 0.085 0.051 0.106 0.009 0.019 0.050 0.177 0.093 0.000 
Sample 5 0.431 0.021 0.191 0.031 0.003 0.026 0.000 0.008 0.140 0.243 0.074 0.117 
Sample 6 0.137 0.097 0.456 0.050 0.141 0.026 0.064 0.233 0.135 0.034 0.111 0.170 
Average 0.262 0.137 0.284 0.128 0.073 0.101 0.037 0.121 0.117 0.171 0.088 0.107 
Median 0.246 0.124 0.276 0.128 0.069 0.118 0.030 0.128 0.138 0.170 0.085 0.094 






Appendix-1 Table A-5: List of primers 
Primer Primer sequence Brief description Internal reference 
CKL4-dCAPS_F GGAATTAGCTGCCTCTGGTTGGCTA dCAPS forward primer CKL4 PCS29 
CKL4-dCAPS_R GAATGTTCCTCCCCCAATCTGTTGC dCAPS reverse primer CKL4 PCS30 
CLATHRIN-qPCR_F TCGATTGCTTGGTTTGGAAGAT CLATHRIN forward primer for RT-qPCR PCS65 
CLATHRIN-qPCR_R GCACTTAGCGTGGACTCTGTTTGATC CLATHRIN reverse primer for RT-qPCR PCS66 
CSLD1-qPCR_F GCTGACCCTGAGAAGGAACC CSLD1 forward primer for RT-qPCR PCS95 
CSLD1-qPCR_R TGGCACCCAATACTCAGCAA CSLD1 reverse primer for RT-qPCR PCS96 
CSLD4-qPCR_F TAAGGCCGTACGAGAAGGGA CSLD4 forward primer for RT-qPCR PCS67 
CSLD4-qPCR_R TAAACTGGTCCCTGGACACC CSLD4 reverse primer for RT-qPCR PCS68 
DUO4_-723_F TCACCACCTTCATTGCAACT DUO4 forward primer to amplify -723 bp SNP region for AS PCS31 
DUO4_-723_R CAAATCAAGCCAAAACATGCTGA DUO4 reverse primer to amplify -723 bp SNP region for AS PCS32 
DUO4_+1931_F TGGACTGTAGGATTCTTGCCA DUO4 forward primer to amplify +1931 bp SNP region for AS PCS33 
DUO4_+1931_R CCGGTTGTGTTGAATGTTGG DUO4 reverse primer to amplify +1931 bp SNP region for AS PCS34 
DUO4-AS_Exon5 CGTGTGCTCTTCCGATCTGCCCATGAACATGAGGAGAC Exon5 Reverse primer carrying Illumina sequencing linkers  PCS44 
DUO4-AS_F ACGACGCTCTTCCGATCTCCGGGAAAGTTCAGATATGGG DUO4 AS forward primer carrying Illumina sequencing linkers PCS40 
DUO4-AS_R CGTGTGCTCTTCCGATCTCCGGTTGTGTTGAATGTTGG DUO4 AS reverse primer carrying Illumina sequencing linkers PCS41 
DUO4-qPCR1_F ATCGCCGTATAAGGTATTGGAT DUO4 forward primer for RT-qPCR PCS45 
DUO4-qPCR1_R CCAACAGCCAGATGAGTTCC DUO4 reverse primer for RT-qPCR PCS46 
DUO4-qPCR2_F GCAGTGGGACTAGGGAACTG DUO4 forward primer for RT-qPCR PCS47 
DUO4-qPCR2_R GACGCATCCCATATCTGAACT DUO4 reverse primer for RT-qPCR PCS48 
HTR10-qPCR_F AAACTGCGAGGAAATCTACTGGTG HTR10 forward primers for RT-qPCR PCS2q_F 







Appendix-1 Table A-6: List of primers (cont.…) 
Primer Primer sequence Brief description Internal reference 
LTP12-qPCR_F TGGCATCCCCAACAGAGTCA LTP12 forward primers for RT-qPCR PCS8q_F 
LTP12-qPCR_R CGGCAGTCGATATACTGTCGCAAT LTP12 reverse primers for RT-qPCR PCS8q_R 
MSP2-qPCR_F GAGGCACGGCGATTAGAGAA MSP2 forward primer for RT-qPCR PCS71 
MSP2-qPCR_R CGATTCCAACTCCAAACATATCTGA MSP2 reverse primer for RT-qPCR PCS72 
PP2A-qPCR_F TAACGTGGCCAAAATGATGC PP2A forward primer for RT-qPCR PCS63 
PP2A-qPCR_R GTTCTCCACAACCGCTTGGT PP2A reverse primer for RT-qPCR PCS64 
TIP5-qPCR_F TGCCTCTGTTATGGCTTGCCTTG TIP5 forward primers for RT-qPCR PCS3q_F 
TIP5-qPCR_R ATCGGTACGTGCTGTTCCATGAC TIP5 reverse primers for RT-qPCR PCS3q_R 
TONB-qPCR_F CGTAACCACCATGTCCTCCT TONB forward primer for RT-qPCR PCS59 
TONB-qPCR_R GCATCAGTCTCCAGATCTGTGA TONB reverse primer for RT-qPCR PCS60 
VCK-qPCR_F TCGCAATTTCAACAAGAGGTCGAG  VCK forward primers for RT-qPCR PCS5q_F 









Appendix-1 Table A-7: List of tissues used for preparing non-pollen transcriptome 
Serial 
Number SRR Number Sample Name Tissue 
1 SRR3581870 Axis of the inflorescence (AX) Inflorescence 
2 SRR3581891 Carpel of 6th and 7th flowers (POD.y6-7) Carpel 
3 SRR3581851 Carpels of the mature flower (F.CA.ad) Carpel 
4 SRR3581856 Carpels of the young flower (F.CA.y) Carpel 
5 SRR3581892 Dry Seeds (SD.d) Seed 
6 SRR3581732 Germinating seeds 1 (SD.g1) Seeds 
7 SRR3581893 Germinating seeds 1 (SD.g1) Seeds 
8 SRR3581733 Germinating seeds 2 (SD.g2) Seeds 
9 SRR3581894 Germinating seeds 2 (SD.g2) Seeds 
10 SRR3581734 Germinating seeds 3 (SD.g3) Seeds 
11 SRR3581895 Germinating seeds 3 (SD.g3) Seeds 
12 SRR3581871 Internode (IN) Stem 
13 SRR3581838 Leaf Lamina of the young leaf (L.LAM.y) Leaf blade 
14 SRR3581388 Leaf Lamina of the young leaf (L.LAM.y) Leaf blade 
15 SRR3581591 Leaf Lamina, intermediate 1 (L.LAM.i1) Leaf blade 
16 SRR3581848 Leaf Petiole of the senescent leaf (L.PET.sn) Leaf petiole 
17 SRR3581837 Leaf Petiole of the young leaf (L.PET.y) Leaf petiole 
18 SRR3581383 Leaf Petiole of the young leaf (L.PET.y) Leaf petiole 
19 SRR3581499 Leaf Petiole, intermediate 1 (L.PET.i1) Leaf petiole 
20 SRR3581639 Leaf Petiole, intermediate 2 (L.PET.i2) Leaf petiole 
21 SRR3581849 Leaf Vein of the senescent leaf (L.VN.sn) Leaf midrib 
22 SRR3581847 Leaf, mature (L.lg) Leaf 
23 SRR3581889 Ovules from 6th and 7th flowers (OV.y6-7) Ovules 
24 SRR3581869 Pedicel Pedicel 
25 SRR3581703 Pedicel (PED) Pedicel 
26 SRR3581854 Petals of the mature flower (F.PT.ad) Petal 
27 SRR3581736 Pod of the senescent silique 1 (POD.sn1) Pod 
28 SRR3581897 Pod of the senescent silique 1 (POD.sn1) Pod 
29 SRR3581713 Pod of the silique 5 (POD5) Pod 5 
30 SRR3581716 Pod of the silique 7 (POD7) Pod 7 
31 SRR3581882 Pod of the silique 7 (POD7) Pod 7 
32 SRR3581836 Root (R ) Root 
33 SRR3581835 Root Apex (R.A) Root 
34 SRR3581833 Seedling Cotyledons (S.C) Seedling 
35 SRR3581740 Seedling Hypocotyl (S.H) Seedling 
36 SRR3581831 Seedling Meristem (S.M) Seedling 
37 SRR3581834 Seedling Root (S.R) Seedling 
38 SRR3581706 Seeds 1 (SD1) Seed 
39 SRR3581872 Seeds 1 (SD1) Seed 1 
40 SRR3581875 Seeds 3 (SD3) Seed 3 
41 SRR3581712 Seeds 5 (SD5) Seed 5 





43 SRR3581715 Seeds 7 (SD7) Seed 7 
44 SRR3581881 Seeds 7 (SD7) Seed 7 
45 SRR3581735 Seeds from the senescent silique 1 (SD.sn1) Seed 
46 SRR3581896 Seeds from the senescent silique 1 (SD.sn1) Seed 
47 SRR3581738 Senescent internode (IN.sn) Internode 
48 SRR3581899 Senescent internode (IN.sn) Internode 
49 SRR3581737 Senescent silique 2 (SL.sn2) Silique 
50 SRR3581898 Senescent silique 2 (SL.sn2) Silique 
51 SRR3581855 Sepals of the mature flower (F.SP.ad) Sepal 
52 SRR3581858 Sepals of the young flower (F.SP.y) Sepal 
53 SRR3581874 Silique 2 (SL2) Silique 2 
54 SRR3581708 Silique 2 (SL2) Silique 2 
55 SRR3581877 Silique 4 (SL4) Silique 4 
56 SRR3581711 Silique 4 (SL4) Silique 4 
57 SRR3581714 Silique 6 (SL6) Silique 6 
58 SRR3581880 Silique 6 (SL6) Silique 6 
59 SRR3581717 Silique 8 (SL8) Silique 8 
60 SRR3581883 Silique 8 (SL8) Silique 8 
61 SRR3581890 Stigmatic tissue (STI) Stigma 
62 SRR3581884 Young seeds 1 (SD.y1) Seed from silique 1 
63 SRR3581885 Young seeds 2 (SD.y2) Seed from silique 2 
64 SRR3581886 Young seeds 3 (SD.y3) Seed from silique 3 
65 SRR3581887 Young seeds 4 (SD.y4) Seed from silique 4 







2. Appendix-2 : Detailed protocol for LiDP isolation, staging and lysis  
Materials required- 
• Healthy Arabidopsis plants (1-5) with well-developed inflorescences 
• Forceps (Dumont #55, 0.05 x 0.02mm tip) 
• Hypodermic needles, Gauge 27G ½ (BD, USA) 
• Glass slides  
• Light microscope (Nikon SMZ800, Japan) 
• Microcentrifuge (Gilson™ GmCLab Microcentrifuge, Germany) 
• PCR tubes, 200 μl (Axygen, USA) 
• Mini vortex 
• Thermal Cycler (Eppendorf Flexilid, Germany) 
Reagents required- 
• Mannitol (Sigma Aldrich, USA) 
• Farmer’s fixative (Ethanol: Acetic acid) 
• DAPI (Sigma Aldrich, USA) 
• Ultra-pure water (Thermo Fisher, USA) 
• 4-Methylmorpholine N-oxide monohydrate (Sigma-Aldrich, USA; Catalogue no: 
67873)  
• RNaseOUT (Thermo Fisher, USA) 
• Sodium phosphate, pH 7.0 (Sigma Aldrich, USA) 
• EDTA, 0.1% (v/v) (Sigma Aldrich, USA) 
• Triton X-100 (Sigma Aldrich, USA) 
Protocol- 
1. Isolation of LiDP from a single anther 
• Prepare 1 M mannitol stock solution in Ultra-pure water and use it to prepare a 0.3 
M mannitol solution. 
• Prepare a 0.5 mg/ml DAPI stock solution. Resuspend 8 μl of the stock solution in 10 
ml DAPI buffer (0.1 M sodium phosphate, pH 7.0, 1 mM EDTA, 0.1% (v/v) Triton 
X-100) to prepare a working solution. 
• Prepare a 6 M stock solution of 4-Methylmorpholine N-oxide monohydrate 
(MMNO). Heat 810 mg MMNO in an Eppendorf microcentrifuge tube at 60ºC in a 
dry heating block. Add warm Ultra-pure water at 60ºC with a pipette to make up to 
1 ml. 
• Take 8.5 μl ultra-pure water in a MCT and add 20 μl 6M MMNO and 1.5ul 
RNaseOUT to prepare 30 μl Pollen lysis solution. 
• Pick a well-developed inflorescence from a healthy disease-free Arabidopsis plant 
with a pair of forceps and place it on a clean glass slide in contact with a drop of 
water. Place the slide in a petri dish plate. 
• Keep the petri plate under a light microscope. Use the microscope to separate the 
individual buds attached to the inflorescence in an anti-clockwise direction, starting 
with the outermost bud first. Arrange single bud on the glass slide in contact with a 
drop of water. 





• Remove one primary anther and place it in a drop of 0.3 M mannitol solution. 
• Cut the anther with the sharp edge of a hypodermic needle. Apply mild pressure on 
either end of the anther with a blunt forceps tip to force half of its pollen into the 
mannitol solution. 
• Drop the anther with the remaining pollen into a tube containing Farmer’s fixative. 
Fixed pollen can be stored for one to two weeks at 4ºC degrees. 
• Aspirate the pollen-mannitol mix with a 10 μl pipette tip and transfer it into a PCR 
tube. Make up the total volume to 10 μl with an extra 0.3 M mannitol at room 
temperature. 
2. Washing the isolated pollen 
• Centrifuge the pollen-mannitol suspension in a microcentrifuge (Gilson GmCLab 
Microcentrifuge, Germany) for 2 min at 2000g. Carefully aspirate the supernatant 
with a 10 μl tip and discard.  
• Add 10 μl of fresh 0.3 M mannitol to pollen pellet and spin for 2 min. Discard the 
supernatant.  
• Repeat the above step once again (3 spins in total). 
• Quick freeze the PCR tubes on dry ice at -78.5ºC or dry ice-Ethanol mix at -72ºC for 
later use. 
3. Determining the stages of the pollen samples 
• Remove the fixed anther from the fixative with a pair of forceps and place it in a drop 
of water on a clean glass slide. Allow the fixative to evaporate. 
Note- Holding the anthers using a pair of forceps becomes difficult as its size 
become progressively smaller. In such cases, pipette the fixative to transfer the 
anther onto the slide. 
Note- Ensure that the anther is in contact with water as the fixative evaporates 
to prevent the anther from drying, making it impossible to recover the pollen. 
• Place the anther into a drop of DAPI solution placed on the same slide. Tease out the 
remaining pollen from the anther with two pairs of forceps. 
• Remove any anther debris from the drop of DAPI and place a clean coverslip on top 
of the DAPI-pollen mix. 
• Note-Do not use more than 7-8 μl DAPI to avoid spill over. 
• Place the slide under a fluorescent microscope with DAPI filter. Determine the stage 
of pollen development based on nuclear and cellular morphology. 
• Note- To stage multiple samples in a row, seal the sides of the coverslip with nail polish to 
prevent the DAPI solution from drying. Such sealed slides can be stored for up to 30 min in 
a slide holder box. 
• Following stage determination, select the corresponding pollen sample from the 
freezer for lysis. 
4. Pollen Lysis to release pollen RNA 
• Place the pollen-containing tubes from the freezer on ice.  
• Spin down the pollen contents on a microcentrifuge for 2 min at 2000 g. 
• Add 3.5 μl lysis solution to the pollen and spin it down by a short 10 s spin. 
• Vortex briefly for 5 s to ensure the pollen pellet is dislodged and mixed thoroughly 
with the Lysis solution. Spin down the contents as before. 






• Incubate the tubes at room temperature for a further 5 min and vortex the tubes briefly 
(10 s). Spin on a microcentrifuge at 2000 g for 5 min to pellet non-lysed pollen and 
other debris. 
• Set a 10 μl pipette at 3 μl and aspirate the supernatant carefully into a fresh PCR tube 
for cDNA synthesis. 
-END- 
